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ABSTRACT 


Thermophysical and thermochemical material property data and ablation 
test data have been compiled for three charring ablators: low-density nylon 
phenolic, the Apollo heat shield material, and a filled silicone elastomer. 
These data are representative of the published data on these three materials . 
Comments are made on the accuracy and credibility of these data. Also, the 
analysis of the ablation test data, with the NASA Langley Research Center 
Charring Ablation Program (CHAP) , is discussed. 
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SECTION 1 


INTRODUCTION 

The present program aims to define the range of applicability of :he 
Langley Research Center Charring Ablation Program (CHAP) , described in 
References 1-1 and 1—2, using two versions of CHAP to predict test data over 
a wide range of conditions for three charring ablators; low density nylon 
phenolic, the Apollo heat shield material, and filled silicone elastomer:.* 

The program has two major tasks, scheduled to run successively. Task I 
involves the collection of material properties data and ablation test data 
and the conduct of qualifying calculations to demonstrate successful operation 
of the CHAP code. For reporting purposes. Task I is organized into sub- 
tasks as follows: 

Task Activity 

I Properties and Test Data Collection; 

Qualifying Calculations 

I -1 Properties Collection 

1.2 Test Data Collection 

1.3 Establishment of Agreement Criteria; 

Qualifying Calculations 

1.4 Reporting and Review 

Task II will involve extensive computer runs to determine one set of 
thermophysical and thermochemical properties for each kind of material ana the 
range of applicability of the CHAP program for each material. 

The present report is the Task I Final Report. It presents the material 
properties data and ablation test data which will subsequently be used in, gi. 
Task II, and describes the results of the qualifying calculations with the 
simpler CHAP I version of the ablation code**. Section 2 presents the pro- 
perties data; Section 3 describes the ablation test data, and Section 4 

*The thrust of this program is toward possible space shuttle studies, which 
will feature lower density materials. The three materials chosen represent 
a compromise between similarity to shuttle candidate materials on the one 
hand and the current availability of sufficient test data on the other. 

**Chap II includes a complex "coking" or char dens if ication model,, Since no 
good test data exist to evaluate this code, qualifying calculations =.. = ss 

applicable . 
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reports the agreement criteria and the qualifying calculations. Because of 
the volume oi data reported, references, figures and tables are numbered by 
station with section number prefixes) and are placed at the end of the indi- 
vidual sections. 

Mr. Stephen S. Tompkins of the Materials Division, Langley Research 
Center, Hampton, Virginia, was the technical representative for this project. 


REFERENCES 

1-1 Swann, Robert T., and Pittman, Claud M. : Numerical Analysis of the 

Transient Response of Advanced Thermal Protection Systems for Atmos- 
pheric Entry. NASA TN D-1370, July 1962. 

1-2 Swann, Robert T., Pittman, Claud M., and Smith, J. C.: One-Dimensional 

Numerical Analysis of the Transient Response of Thermal Protection Sys- 
tems. NASA TN D-2976 , September 1965. 
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SECTION 2 


MATERIAL PROPERTIES 

Subtask 1.1 of the program involved the collection of material pr* par- 
ties data on three materials, defined as follows: 

® Low density nylon phenolic; composition by mass of about 23 to 
37 percent phenolic (phenol formaldehyde) resin, 22 to 27 pe cc 
hollow phenolic microspheres (or Microballoons), 40 to 60 peri 1 
nylon (cloth or powder) ; nominal virgin density about 36 lb/f- 

• Low density silicone elastomer; composition by mass of about 7 27 to 
78 percent silicone elastomer (polydimethyl siloxane or polymethyl- 
phenyl/dimethyl siloxane), 12 to 16 percent hollow Sl’iica micro- 
spheres , 8 to 12 percent hollow phenolic microspheres (or Micro- 
balloons ), nominal virgin density about 34 to 40 lb/ft 3 

© Apollo heat shield material, commercially designated 

39-HC/G; principally epoxy novolac with phenolic microspherbsya^ 
with silica fibers added, gunned into phenolic/f 
comb; nominal density 32 lb/ft 3 

Properties to be covered included those properties required as i pi 
to the CHAP code; virgin and char densities, pyrolysis kinetics'/ ifcberiM:®. cblfLit? 
ductivity, specific heat, emittance, heat of combustion (or equlvalentallte 
chemical information) , heat of pyrolysis (or equivalent heat of formation in- 
formation) , and the specific heat of the pyrolysis gases. 

The following subsections summarize the data obtained. For. each ill if 
rial, a descriptive summary table identifies the sources of all data colioc 
It should be noted that with few exceptions only measured property data aris 
considered; inferential properties (such as properties "backed out" of re; sifted 
ablation test data with charring ablator computer codes) were not coll- cted. 

A subsidiary summary table for each property lists in some detail tla te >e a- 
ture range considered by each of the measurements, the material preparation 
in each case, the method employed, and the reported accuracy of the measure- 
ments (usually not given) . The tables also give an estimate of the overall 
accuracy of the data. This estimate was arrived at in each case by considarina 



e '-he reported random error of the measurement technique and/or 

• apparatus 

® The observed randomness in the reported data 

: The scatter in the data for different material specimens or 

samples 

• Any anticipated bias in the data 

These estimates are of necessity somewhat crude; they do provide, however , a 
useful idea of the approximate nature of the data. 

The actual data are presented in graphs and tabulations. In most cases, 
the amounts of data points are sufficient to have allowed the original reporters 

to draw a line of "best interpretation"; in such cases it is this line which 

is reported, and not the original test data. 

2.1 LOW-DENSITY NYLON PHENOLIC 

The low density nylon phenolic considered here has been very thoroughly 
studied. The tables, graphs, and tabulations of this section summarize the 
data extracted from the literature. Table 2-1 summarizes pertinent information 
about the data sources for nylon-phenolic. 

2 . 1 . 1 Thermal Conductivity 

Table 2-2 summarizes the thermal conductivity source of information. 

Table 2-3 summarizes the virgin material thermal conductivity as a function of 
temperature; the same data is shown in Figure 2-1. 

Table 2-4 and Figure 2-2 present the char conductivity as a function 
of temperature. The reported data cover a very wide range, indicating that 
char conductivity is a function of other parameters besides temperature. Vari- 
ous additional correlating parameters have been suggested: 

a The "charring" or "pre-char" temperature, i.e., the highest tempera- 
t ire which the specimen has ever reached 

® The length of time the specimen was exposed to this charring 

te; vperature 

® The charring heating rate, or temperature rise rate during the 

charring process (which controls thepore size and other mechanical 
, atures of the char) 


The ambient pressure and atmosphere 



These suggested correlating parameters are intended to clarify in some useful 
way the presentation of thermal conductivity data which are, in fact, functions 
of the entire previous history of the specimen . At the present time only at- 
tempts to correlate in terms of the first additional variable above conic be 
tried , since data on the others are sparse and often not reported . One might 
hope to construct a plot with a form like the one shown in the following sketch; 



The data of Figure 2-2 do not allow the construction of an orderly picture of 
this type, however. 


The major part of the pyrolysis of nylon phenolic occurs between 
1100 R and 1400 R. Thermal conductivity data for this temperature domain 
(except for materials pre-charred at a much higher temperature) are m st 
This lack of data leaves open the interesting question of conducbivity , iy|ilues 
for the pyrolysis zone of partially degraded material. Reference 2-5 contains 
some data for partially-pyrolyzed high density nylon phenolic which indicates 


that the conductivity for such material may be lower than the virgin vai> ~s by 
substantial amounts. 


2.1.2 Specific Heat 

Table 2-5 summarizes the source information for specific heat measure' 
ments. Figure 2-3 shows the virgin material specific heat for temperatures 
up to a little over 1200°R. Appreciable pyrolysis of this material begins a- 
about this temperature. These data are tabulated in Table 2-6. 
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Table 2-7 and Figure 2-4 present the char specific heat for low density 
nylon phenolic. The data show good consistency since the char is very nearly 
pure carbon; the complexities affecting the thermal conductivity data are 

largely irrelevant in this case.. 

2.1.3 Emittance 

Table 2-8 summarizes the emittance source data for nylon phenolic. Table 
2-9 and Figure 2-5 present the available emittance data for the chars of low 
density nylon-phenolic. Reported values at a given temperature vary; at 2850°R 
for example the values range from 0.60 to 0.93, a substantial variation. Dif- 
ferences in reported emittance presumably stem from 

9 The different surface appearances caused by different heating rates 

• Surface coatings formed of compounds of trace species existing in 
the virgin material 

The depression in the emittance values of Reference 2-1 in the domain 3000°R 
to 4000°R is believed due to this latter possibility. 

2.1.4 Py roly s is Kinetics 

References 2-5 and 2-11 present pyrolysis kinetic data in reduced form, 
as derived from thermogravirnetric laboratory data. In the case of Reference 
2-5 the reduced data are presented as the constants in an equation of the 

form 



where 




-E i /RT 

e 


( 2 - 2 ) 


where the i index identifies a specific reaction from the TGA data (which may 
or ftiay not be readily associated with any specifically identifiable pyrolysis 
mechanism) , and the subscripts o and r identify original (virgin) and residual 
(char) states. Reference 2-5 reports the following values for the kinetic con- 
stants in Equation (2-1) : 
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i 

k 

°i 

(sec J ) 

E i /R 

(°R) 

n 

P °i 

(lb/ft 3 ) 

T~ ! 

! p r . 

Nylon 

1.85 x 10 13 

47,100 

1.0 

71.0 

i 

Phenolic (1) 

1.40 x 10 4 

15,400 

3.0 

20.25 


1 Phenolic (2) 

4.48 x 10 9 

36,800 

3.0 

60.75 

i 1 j 


Nylon phenolic is a composite of nylon and phenolic; the material density y 
be written 

p = r(p, + p 9 ) + (1 - Dp.. 


where 1 and 2 denote the two phenolic quantities and N denotes nylon, an''. 1 
the volume fraction of resin in the composite.* Note that p^ and p ? have the 
units lb^/ft 3 resin, and p N has the units (lbs nylon) / (ft 3 ny Ion) . 

Nelson (Ref. 2-11) presents reduced TGA data for nylon and &r some phe- 
nolic resins of interest, all based on the pyrolysis rate equations 
phenolics tested had pyrolysis curves best fitted by a three-compbtt^ht;ymciii# §§® 
two cases. The following table summarizes the Nelson results 


; 

Material 

Reaction 

k 

o . 

E./R 

n . 

3 . 

i 

No . i 

l 

sec"-*- 

• 

°R 


| Phenolic I 

1 

5.17 x 10 8 

24,865 

3.0 


(Union Carbide 
"Bakelite" phe- 
nolic resin 
BRP-5549 


2.50 x 10 b 
2.17 x 10 7 


21,838 
30 , 270 


0.052 

0.068 

0.880 


resin 

0.540 


j Phenolic II 

1 

2.17 

X 

10 s 

15,135 

2.0 

0.097 j 

0 

(Union Carbide 

2 

9.67 

X 

10 6 

26 , 378 

3.0 

' 0.165 ! 

0 

j BJO-0930 
j microspheres) 

3 

1.30 

X 

10 1 0 

37,189 

3.0 

; 0.738 

0.558 

' Phenolic III 

1 

2.17 

X 

10 2 

9,730 

2.0 

0.105 

0 

j (Evercoat Chemi- 
cal liquid cast- 

2 

3.33 

X 

10 3 

17,946 

2.0 

0.895 

0.' : 

j ing resin 
EC-251) 









Nylon 

(DuPont Zytel 
i 103 powder) 

L_ 

' 

• 

. 

. - — 

8.33 

X 

10 14 

50,162 

. 

1.0 

1 1.000 

:) .. ■: / 0 


*The resin mass fraction is, in terms of F, 


r (% + %) 


yX Xthy Dy-:- ;iyyyy8, , 

: •• ■: •• •. •: mm- ;■ 
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Farmer in Reference 2-12 presents rate constants for a variety of phenolic 
materials; these constants are based, however, on a single component pyrolysis 
rate equation slightly different from Equation (2-1) above 


dp 

de 


k f p„ 

to 



(2-4) 


Farmer's values for should be multiplied by the factor [ (p Q - P r )/p Q ] n 1 to 
dbtain k f values for comparison to values from References 2-5 and 2-11. 

We do not tabulate Farmer's data here since the phenolics used are not 
exactly the phenolics used in the materials of interest in this program. The 
report does provide, however, much background data of general interest. 

Data based on either of the two pyrolysis equations (2-1) and (2-4) are 
net directly useful as CHAP code input, since the computer program pyrolysis 
calculation is based on the "reaction plane " approximation that the total pyroly- 
sis rate in the material is given by 



(2-5) 


where is the temperature at the current location of the pyrolysis plane. 
Appenciix A describes how the reported data can be related to the constants 

required for CHAP input. 


: 2.:1,5 Heats of Formation or Heat of Pyrolysis 

The heat of pyrolysis for a nylon phenolic (60% resin, 40% nylon) has 
been reported in Reference 2-20 as 200 ± 20 Btu/lb. Heat of combustion infor- 
mation was used to compute the following heats of formation at 25°C: 

AH f = -959 Btu/lb 

nylon 6-6 

AH f = -823 Btu/lb 

phenolic 
resin 

Various measured pyrolysis gas compositions were verified by using these heats 
of formation to compute a heat of pyrolysis which compared well with the re- 
ported value cited above. Appendix G of Reference 2-20 lists the final recom- 
mended composition; the inferred heat of formation for this "best estimate" 
pyrolysis gas was not reported, however. 
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2.1.6 Specific Heat of Pyrolysis Gas 


Using the "best estimate" pyrolysis gas composition obtain© I in 
ner described in Section 2.1.5 above. Reference 2-20 reports frozen and 
rium specific heats for the pyrolysis gas. These are plotted in Figure 
tabulated in Table 2-10. 


2.1.7 Surface Oxidation Kinetics 


The basic thermochemical ablation model of the CHAP code is one of car- 
bon oxidation. At low temperatures, the oxidation rate is controlled by chemi 
cal kinetic factors , represented in the code by the relation 


"~B /T 

m = A, e k w (C p ) ' 
c k w*w 


f 2-6) 


The user must specify as input the pre-exponential factor A, , 
energy B^, and the reaction order n. 


the activation 


The literature search did not discover any experimental work specifically 
aimed at quantifying the oxidation kinetic constants for nylon phenolic chars. 
Many experiments have of course been done on carbon oxidation kinetics, but 
since these are observed to depend strongly on the physical state of the sur- 
face and on small amounts of impurities in the carbon, it is not felt that the 
resulting data are particularly relevant to chars. For reference purposes, it 
is customary to use "Scala fast" kinetics (Reference 1-2) , which are 


n = 1/2 

A^. = 6.73 x 10^ lb/ft^sec atm^ 

B k = 39 , 872°R 

An alternative set of "slower constants suggested in the contract work state- 
ment is 

n = 1 

A k = 1 x 10 10 Ib/f t^sec-atm 
B k = 7 6 , 50 0°R 


The CHAP code surface oxidation formulation of Reference 1-2 also intrc - 
duces a constant X representing the mass of char removed per mass of oxygen re- 
acting at the surface. For a carbon char such as that of nylon phenolic, = 
0.75, representing the ratio of the molecular weight of carbon to that t . - ygen. 

For very high temperatures, sublimation is an important mechanisr c car- 
bon removal. It is modeled in the CHAP code with an exponential lac :;equ: mg 
input constants. The cases of interest in the current study all fair s sub- 

limation temperatures; hence the literature review did not cover s; ciimat:-.. 
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2.2 .• '/COAT 5026-39-HC/G 

The material designated Avcoat 5026-39 is a phenolic novolac reinforced 
with silica fibers and lightened with phenolic Microballoons. The manufacturer 
regards the exact composition of this material as proprietary information. 

When used as the Apollo heat shield material, the composition is hand-filled 
into the cells of a low density phenolic glass hexagonal honeycomb (HC) with 
an injection gun (G) . Despite the important practical use of this material, 
property data are relatively scarce, particularly at high temperatures.* Further 
more, most existing data are obtainable only from informal reports published 
during periods of compressed schedules during the Apollo development program; 
consequently , much supporting detail has not been included in the reports. 

Table 2-11 presents the data source summary information for Avcoat. Spe- 
cific properties are discussed in the following subsections. 

2 , 2 .1 T herma l Conductivity 

Table 2-12 summarizes the thermal conductivity source information for 
Avcoat . Figure 2-1 shows virgin material thermal conductivity up to 1400°R. 
Appreciable decomposition of Avcoat begins at about 1000°R; decomposition is 
nearly complete at 1400°R. Table 2-13 lists these virgin material conductivity 



Table 2-14 and Figure 2-8 present Avcoat char thermal conductivity as a 
function; of temperature. The data are sparse and scattered. 

2 , 2. . 2 S peci f ic Heat 

Table 2-15 lists the summary data source information for Avcoat specific 
heat. Figure 2-9 shows specific heat data for both virgin material and a num- 
ber of oven pre-chars for various charring temperatures, as well as some flight 
core data. The data show a good decreasing parametric trend of C^(T) curve- 
location with pre-char temperature. Table 2-16 lists these data. 

2,2.3 E mittance 

Table 2-17 presents the data source summary for Avcoat emittance. Table 
2-1.8 and Figure 2-10 present the emittance data for Avcoat chars and one virgin 

sample charred during the test. 

Apollo program reports (Refs. 2-21 - 2-24) were mostly concerned with flight 
core studies and basic ablation mechanism studies, with property value deter- 
mination not. having a central role. This emphasis resulted from an obvious 
priority assignment: the material response needed to be clarified before im- 
proved design computing procedures could be used. 
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2.2.4 Pyrolysis Kinetics 


Reference 2-24 lists reduced TGA data for Avcoat 5026-39-HC/G , based 
on a single component model. These data are apparently based on Equation 2-1, 
although the discussion is unclear on this point. The data presented are as 
follows : 


Test 
No . 

k o 

(sec -1 

E/R 

(°R) 

n | 

I 

T222 



.518 x 10 5 

.161 x 10 5 

r- 

pH 

T223 

.232 x 10 5 

.151 x 10 s 

1.7 i 

T224 

.405 x 10 s 

.140 x 10 5 

1.7 

T225 

.258 x 10 6 

.181 x 10 5 

2.0 

T222/4 

.667 x 10 7 

.219 x 10 s 

2.1 

i 

1488 

.786 x 10 5 

.143 x 10 5 

2.0 

C2/14 

.493 x 10 9 

.299 x 10 s 

. 1±J 


This data reduction apparently encompasses all worthwhile data collected previ- 
ous to 1969, specifically including the unreduced TGA data reported in Reference 
2-23. 

2.2.5 Heats of Formation or Heat of Pyrolysis 

No reduced heat of formation data were discovered. References 2-21 and 
2-23 present some bomb calorimeter heat of combustion data, but these values may 
be influenced to an undetermined extent by reactions between silica and carbon 
in the char. Figure 2-11 shows these data. 

No heat of pyrolysis data are reported in the literature. 

2.2.6 Specific Heat of Pyrolysis Gas 

The literature has no data on the pyrolysis gas of Avcoat 5026-39. 

2.2.7 Surface Oxidation Kinetics 

The general thermochemical ablation model of CHAP is discussed in Sec- 
tion 2.1.7. As was the case with nylon phenolic, no specific data covering the 
oxidation kinetics of Avcoat 5026-39-HC/G were discovered. The fast kinetics 
of Section 2.1.7 will be used for the initial Task II calculations. 

In the case of Avcoat the quantity A (the amount of char removed per lb 
of oxygen reacting at the surface) is twice the value for pure carbon since 
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half he Avcoat char is silica, and it is assumed that as carbon is removed by 
oxidation, a corresponding amount of silica flows away from the surface in con- 
densed form. Thus X •= 2 x 0.75 = 1.5. 

The ablation literature for Avcoat does not include a data analysis of 
sufficient extent to clarify whether this oxidation model will be an adequate 


2,3 SILICONE ELASTOMER 

The silicone elastomer to be considered during this program is described 
in the Introduction to Section 2. Appropriate silicone elastomers for the 
material considered can vary in chemical make-up between polydimethyl siloxane 
and : po.lyme thy Ipheny 1 siloxane, which are illustrated in the following sketch: 


CH. 


CH 3 - Si - 0 
CH, 


ch 3 

Si - O 
CH, 


CH. 


- Si 


1 - CH. 


CH. 


x 


Polydimethyl Siloxane Structure 


CH. 


C *3 

Si - 0 
CH, 


"" — 


— — 

CH 3 


CH, 
1 3 

Si - 0 

- 

Si - 0 

- CH 3 


C .H_ 


X 

“—6 5 - 1 


CH. 


-Si - CH. 


CH. 


Me thy Ipheny 1 and Dimethylpolysiloxane copolymer 


Usually the specific material featured in a data report will be specified only 
by the manufacturer's resin identification number. In most cases these are 
described simply as a dime thy 1/me thy Ipheny 1 product; the exact composition is 
not reported and indeed in most cases is not known. The data tabulations pre- 
sented ceiow identify the material in each case with all descriptions reported 
oric;:.: ally. Table 2-19 lists the general data source information. 


2. 13/ 1 ' Thermal Conductivity 

Table 2-20 identifies the thermal conductivity source information for the 
silicone elastomers of interest here. Only virgin material conductivity data 
are reported in the literature. These are presented in Table 2-21 and Fig- 
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2.3.2 Specific Heat 


Table 2-22 describes the specific heat data sources. Table 2-23 and 
Figure 2-13 give the C data uncovered for the filled silicone elastomer mate- 

IT 

rial. The data are sparse but agree fairly well if one low temperature point 
is neglected. 

2.3.3 Emittance 

Only one emittance data point is presented in the literature. Pope (Ref 
2-15) measured e equal to 0.71 ± 0.05 over the range 1750 K° (3150°R) to 22C0°K 
(3960°R) for an arc heated char. Tables 2-8 and 2-17 contain descriptions of 
Pope's experimental method. 

2.3.4 Pyrolysis Kinetics 

The only reduced TGA data reported are by Nelson (Ref. 2-11). For Gen- 
eral Electric RTV-602 dimethyl polysiloxane , Nelson gives the following single 
component values: 


ft 

o 

J 

E/R 

n 

I 

^r^o | 

, -1. 
(sec ) 

(°R) 


1 

j 

5.33 x lO 10 

39,135 

o 
1 — 1 

| 

0.040 j 


Nelson also reports constants for the phenolic microspheres used with the elas- 
tomer compound of interest here; these data were listed under the identification 
"Phenolic II" in Section 2.1.4 above. 

Potentially useful unreduced TGA curves were presented in References 
2-25, 2-26, and 2-28. These are reproduced in Figures 2-14 through 2-17. Note 
that the material of Figure 2-14 is a filled composite of the type of interest 
here; the other figures are for silicone resins only. 

2.3.5 Heats of Formation or Heat of Pyrolysis 

No information of this type is available in the literature. 

2.3.6 Specific Heat of Pyrolysis Gas 

No information on the pyrolysis gas specific heat appears in the litera- 
ture. The pyrolysis of silicone resins is a subject of some conjecture. 
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2.3.7 Surface Oxidation Kinetics and Melting 


The general thermochemical ablation model of CHAP is discussed in Sec- 
tion 2.1.7. As was the case of nylon phenolic and Avcoat 5026-39-HC/G , no spe- 
cific data covering the oxidation kinetics of the silicone elastomer material 
were discovered. The fast kinetics of Section 2.1.7 will be used for the ini- 
tial Task II calculations. 

The quantity X (the amount of char removed per lb of oxygen reacting at 
the surface) is not well defined for this material. The contract gives a value 
off# = 0.1 which is from earlier unpublished data correlation studies conducted 

by the NASA Langley Research Center. 

The chars of the silicone elastomer materials appear to show melting at 
higher temperatures. The current version of the CHAP code does not include the 
fixed melt temperature option available in earlier versions of the code. In- 
stead, melting must be simulated by an appropriate choice of sublimation con- 
stants. The literature to date contains no complete study which would verify 
the adequacy of such a model. Unpublished data correlation studies by the NASA 
Langley Research Center suggest melting at about 3800°R. 


2-12 



REFERENCES 


2-1. Wilson, R. Gale, "Thermophysical Properties of Six Charring Ablators 
from 140° to 700°K and Two Chars from 800° to 3000°K," NASA TN D-2991, 
October 1965. 

2-2. Engelke, W. T., Pyron, C. M. , Jr., and Pears, C. D "Thermophysical 
Properties of a Low-Density Phenolic-Nylon Ablation Material ," NASA 
CR-809 , July 1967. 

2-3. Smyly, E. D., Pyron, C. M. , Jr., and Pears, C. D., "An Investigation of 
the Mechanisms of Heat Transfer in Low-Density Phenolic-Nylon Chars , 

NASA CR-966, December 1967. 

2-4. Smyly, E . E. and Pyron, C. M. , Jr., "An Investigation of the Mechanisms 
of Heat Transfer and Low-Density Phenolic-Nylon Chars , " Sev e nth Confer - 
ence on Thermal Conductivity (National Bureau of Standards , 'Gaithersburg , 
Maryland, November 13-16, 1967), Special Publication 302, National Bureau 
of Standards, Washington, D. C., September 1968, pp. 425-453. 

2-5. Kratsch, K. M. , Hearne , L. F., and McChesney, H. R. , "Thermal Performance 
of Heat Shield Composites During Planetary Entry." Unnumbered paper pre- 
sented at the American Institute of Aeronautics and Astronautics - 
National Aeronautics and Space Administration National Meeting, Palo Alto, 
California, September 30-October 1, 1963 (also Lockheed Missiles and 
Space Company, Sunnyvale, California, Report LMSC-803Q99, October 1963}, 
reprinted in Engineering Problems of Manned Interplanetary Exploration , 
American Institute of Aeronautics and Astronatics , New York 1963). 

2-6. Sanders, H. G. , Smyly, E. D. , and Pears, C. D. , "An Investigation of Some 
Thermal and Mechanical Properties of a Low-Density Phenolic-Nylon Abla- 
tion Material," Southern Research Institute, Birmingham, Alabama, NASA 
CR-66731, February 1969. 

2-7. Rindal, R. A. and Kratsch, K. M. , "Prediction of the Ablative Material 

Performance on a Scout Reentry Vehicle," Aerotherm Corporation, Mountain 
View, California, Aerotherm Report No. 66-4, July 15, 1966. 

2-8. Lagedrost, J.F., Fabish, T.J., Eldridge, E.A., Deem, H.W., and Krause, 

H. H., "Thermophysical and Chemical Characterization of Charring Ablative 
Materials," Battelle Memorial Institute, Columbus, Ohio, NASA CR-73399, 
December 31, 1968. 

2-9. Nagler, R. G., "The Thermal Conduction Process in Carbonaceous Chars," 
Sixth Conference on Thermal Conductivity (Dayton, Ohio, October 19-21, 
1966), Air Force Materials Laboratory, Wright-Patterson Air Force Base, 
Ohio, 1968, pp. 1095-1103. 

2-10. General Electric Co., Philadelphia, Pa., "Transient Determination of the 

Thermal Conductivity of a Low Density Phenolic Nylon Char , " NASA CR-66099 , 
July 23, 1965. 

2-11. Nelson, J. B., "Determination of Kinetic Parameters of Six Ablation Poly- 
mers by Thermogravimetric Analysis," NASA TN D-3919, April 1967. 

2-12. Farmer, R. W. , "Thermogravimetry of Phenol-Formaldehyde Polyeondensates , 
Part II - Empirical Kinetic Parameters," Air Force Materials Laboratory, 
Wright-Patterson Air Force Base, Ohio, AFML-TR-65-246 , Part II. March 
1967. 


2-13 



Goldstein, H. E., "Kinetics of Nylon and Phenolic Pyrolysis," Lockheed 
Missiles and Space Company, Sunnyvale, California, LMSC-667876, October 

1965 . 


2-14. Goldstein, I-I. E., "Pyrolysis Kinetics of Nylon 6-6, Phenolic Resin and 
Their Composites," American Chemical Society (Division of Organic Coat- 
ing and Plastics Chemistry), 155th Meeting (San Francisco, California, 
April 1968), Vol. 28, No. 1, 1960, pp. 131-145. 

2-15. Pope, R. B., "Measurement of the Total Surface Emittance of Charring 

Ablators," AIAA Journal , Vol. 5, No. 12, December 1967, pp. 2285-2287. 

2-16. Wilson, R. Gale, and Spitzer, C. R. , "Visible and Near-Infrared Emittance 
of Ablation Chars and Carbon," AIAA Journal, Vol. 6, No. 4, April 1968, 

pp. 665-671. 

2-17. Wilson, R. Gale, "Hemispherical Spectral Emittance of Abltion Chars, Car- 
bon, and Zirconia (to 6000°F)," Symposium of Thermal Radiation of Solids, 
S. Katzoff, ed., NASA SP-55 , 1965, pp . 259-275. 

2-18 Wilson, R. Gale, "Hemispherical Spectral Emittance of Ablation Chars, 
Carbon, and Zirconia to 3700 °K, NASA TN D-2704, March 1965. 

2-19. Sykes, G. T. , Jr., "Decomposition Characteristics of a Char-Forming 

Phenolic Polymer Used for Ablative Composites," NASA TN D-3810, February 


2-20 . Pike, R. W. , April, G. C., and del Valle, E. P., "Evaluation of the Energy 
Transfer in the Char Zone During Ablation," Department of Chemical Engi- 
neering, Louisana State University, NASA CR-107533, May 1, 1969. 

2-21 „ Jhnat, M.E., "Evaluation of the Thermal Properties of Materials," Vols. 

I and II, Avco Corpooration , Lowell, Massachusetts, AVSSD-0197-66-CR, 

June 28, 1966 and September 30, 1966. 

2-22. Ihnat, M. E. , "Evaluation of the Thermophysical Properties of the Apollo 
Heat Shield," Vols. I and II, Avco Corporation, Lowell, Massachusetts, 

AV S SD - 0 3 7 5 - 6 7 - RR , August 8 , 1967 . 

2-23. Alexander, J. G. , Burrell, B. , Crowley, D. P. , Hill, R. , Ihnat, M. E. , 
Lamb, 3., McBride, A., Morgida, J., Patterson, D. M. , Polestra, F., 

Stein, E, , and Steward, C. C., "Evaluation of the Thermophysical Proper- 
ties of the Apollo Heat Shield - AS-501 Flight Core Study," Avco Cor- 
poration, Wilmington, Massachusetts, AVSSD-0206-6 8-RR, July 23, 1968. 

2-24. Alexander, J. G., Burrell, B. , Crowley, D. P., Morgida, J., Patterson, 

D. M. , and Stewart, C. C., "Evaluation of the Thermophysical Properties 
of rhe Apollo Heat Shield - AS-502 Flight Core Study, AS-205 Flight Core 
Study, AS-503 Flight Core Study," Avco Corporation, Lowell, Massachusetts, 
AVATD- 019 8-6 9 -RR , September 8 , 1969. 

2-25. Dolan, C. M. , "Study for Development of Elastomeric Thermal Shield Mate- 
rials," General Electric Co., Philadelphia, Pa., NASA CR-186, March 1965. 

2-26. Thomas, H. K. , Brash, M. p . , Recesso, J. V., and Stein, E. , "Ablative 
Composites for Lifting Reentry Thermal Protection," Avco Corporation, 
Lowell, Massachusetts, AFML-TR-6 7-270 , Part I, September 1967. 


2-14 



2-27. Schwarzkopf Microanaly tical Laboratory, Inc., Woodside, New York f "Deter 
ruination of the Density and Chemical Profiles of Government-Furnished 
Charred Elastomeric Ablator Models," NASA, CR-66816 , December 1968. 

2-28. General Electric Company, Philadelphia, Pa., "Study of Elastomeric Heat 
Shield Materials for Apollo," NASA CR-91372, February 5, 1963. 


2-15 



PROPERTY DATA SOURCES 
LOW DENSITY NYLON PHENOLIC 





tiC ■= Union Carbide 

SoRI e Southern Research Institute 




ro 

s 

CM 

W 

PI 

C 

Eh 


Pi 

o 

-p 

m 

u 

cd 

w 

\ 

0 

-p 

03 


to 
•P 
-H , 

d I 

D i 


CM 


CM 


00 

1 

04 

25 / 35/4 

Run 1 


O 

\ 

CM 

DO 

CO 


i 

CM 

d 

CM 

\ 

0 


p- 

Ph 


CO 



00 I 


o 


in 

CO 


LP 

CM 


d 

0 

Pi 


i 

1 " 


O 

00 


1 — 1 


CO 


MO 


"s# 

in 

r~ 

CTi 

rH 


00 

MO 

o 

pH 

Cft 

CM 

CM 

CM 

CO 

CO 

co 


L0 

CO 

MO 

« 

s 

s 

« 

© 

® 

* 

Si 


® 

iH 

c — 1 

I — 1 

i — 1 

H 

rH 

fH 

H 

rH 

CM 


o 

Os 


LO 

pH 

CO 

00 

00 

r- 

rH 


O 

CO 

LO 

CD 

« 

0 

0 

® 

0 

CM 

CM 

i — s 

i — 1 

rH 


oo 

\ 

rH : 

CO 

CO 

'CM 

in 

o 

CO 

00 

I 

CO 

1 

CO 

00 

CM 

!> 

CO 

CO 1 

CO 

CM 

CM 

d 

LD 

LO 


r- 

r- 

r- 

r-* 


\ 

0 

9 

• 

8 

° 


* 

• 


p- 

pc; j 

rH 

rH 

1 1 

r — i 

rH 

rH 

rH 



















O 

. 

rH 

• 


CO 

00 

CM 

rH 

r- 

ro 

CM 

CO 


a 

cn 

p- 

i 

LO 




LO 

r- 

CT> 

rH 


00 

CM 

IP 

<31 

n 

VP 

\ 

d 



CM 

CM 

CM 

CO 

fO 

CO 




in 

in 

CM 

O 

0 



0 

0 

0 

0 

0 

0 


* 

a 

* 

' * 



Pi 



rH 

1 — 1 

rH 

1 — 1 

1 — 1 

I — 1 

! — | 

{“H 

rH 


pH 


















O 

00 

o 

O 

o 

vo 

00 

00 

CO 

CM 

ro 

CM 

00 

CO 

O 

00 

LO 

o 

LO 

o 

00 

00 

p~ 

p> 

CO 


CO 

CM 

IP 

CO 

o 

o 

CM 

ro 


r- 

CO 

CM 

CM 

CM 

CM 

CO 

CO 

H’* 



sn 

:tn 

0 

« 

a 

a 

« 

• 

e 

a 

0 

0 

a 

ft 

ft 

is 


■ ft 

1 — 1 

i — 1 

rH 

pH 

rH 

i — i 

i — 1 

1 — | 

1 1 

I — 1 

I — | 

rH 

rH 

rH 

rH 

rH 


! 

o 

LO 

\ 

i ■ 

CM 

i 

LO 

1 1 

r- 

ID 

pi 

CM 

os 

CM 

LO 

LD 


CM 


rH 

IP 


O 

LD 


CO 

as 


ro 

CT» 

CM 

LO 


cn 

CTl 

i i 

CM j 

d 

i — 1 

CO 

LO 

LD 

r-> 

CO 

as 

OS 

O 

o 

o 

as 

a> 

CM 

\ 

0 

0 

• 

9 

® 

• 

<■ 

• 

9 

9 

0 

0 

• 

s 

1 

in 


1 1 

rH 

i — 1 

i — 1 

i — ! 

i — l 

« — 1 

t — 1 

CM 

CM 

CM 

rH 

rH 

! 

i 

CM ; 


j 














o 

IP 




\ i 

rH i 

LD 

i — i 

CO 

t — 1 

CM 

"NT 

o 

LO 

00 

p- 

CTt 

t- 

CO 

00 



«<»$« 

H -1 

cu 

rH j 

in ; 


LP 

LD 

as 

ID 


1 — 1 

ro 

CO 

CM 

i — 1 

i — 1 

LO 

CO 

00 

cn 

ai 

■C$\ 

01 

CL 

■ i 1 

CM j 

d 

in 

in 

m 

LO 

00 

o 

LO 






LO 

LP 

LD 

LO 

\Q 

CO 

— " 

; CM 

\ 

0 

» 

«> 

« 

9 

9 

9 

9 

• 

0 

o 

0 

0 

0 

o 


ft 

■ ® 

ft 

i 

j 

ip 

Pi 

rH 

i — i 

i — i 

rH 

1 — 1 

CM 

i — 1 

i — 1 

i — i 

i — 1 

i — { 

i — s 

rH 

rH 

pH 

rH 

rH 

rH 


CM 


I 1 

j 

i 

j 

i 

1 

d | 

o 

r ~i i 

>i 

a) 

cn 

0 

rH Pj | 

j d 

to 0 

1 0 ) 

•H 0 


M H 

CD 

0) rH 

MH 

-P cO 

CD 

co m i 

Pi 

s \ 

d 

■H 

CO 

(D 


Pi 


CD 

U 

0 

-P 


CD 

Eh 


fO pH 

O 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

.■o 

CD f 

M 

vo 

o 

in 

o 

m 

o 

IP 

o 

LO 

o 

o 

o 

o 

o 

o o 

■o 

o 

a) — 

i 4 

r — 1 

CM 

CM 

CO 

CO 


'U* 

IP 

in 

LO 

r-~ 

00 

CO 

o 

11 

12 

ro 

; i 





SPECIFIC HEAT SOURCES 
DENSITY NYLON PHENOLIC 


Estimated j 
Accuracy j 

on C p 

± 10% 


dP 

O 

4—4 

+! 



JL 10% 

1 

Unknown 

Unknown 


O 

.~4 

s 



Reported 
Accuracy 
on Cp 

Not given 


Not given 



c 

0 

> 

•H 

CP 

P 

0 

z 

Not given 

Not given 


0 O *>1 

> • a 

■i4 c*A r—{ 
CPO 0 
-4 JO 
P P 

0 p q 

Not given 
( ± 10% on 

•enthalpy) 

. 



u 














0 — 














P P 

U P 



p p 









■ — i 

0 q 

0 C 

1 


0 c 

1 








0 

£ 0 = 

P 0 W 

O 


p 0 

0 








P 


0 £ 0 












C TO 

p 0 

£ 0 jQ 

0 C 4 


£ 0 

0 O, Cm 




1 a 




0 O 

0 P X 

■H k 3 

O 4-4 


•H Win 

0 4-4 O 




0 PS 




E XZ 

-h 3 

J-» 3 O 

0 


P 30 

0 in 




r-4 0 



■1 

•H P 

0 W Q 

0 w 

0 x: 


O0O 

0 -C un 

TO 

TO 


0 .C 




P 0 

U (0 


0 p 


4p 0 CD 

OP 0 

0 

0 



0 P 



0 2 

0 s 

0 0 -<r 

•H C P 


0 0 r- 

•w c-Um 

03 

JQ 


G P" 

- q 

-p 


a 

0 E CM 

O E\ 

0 C 


U £ 

0 q 

-H 

-H 


0 0 c 

<D 0 

a 


X 

o \ 

no 

0 0 


O 

0 00 

P 

P 


0 0 

0 



w 

•H >,rH — 

O 4 >4 

O 4 - £ 


O. >iP 

a - £ p 

U 

0 


•H ** £ 

•H * v 

£ 



a p 


>1 P 0 


O O 

>1 p 0 

0 

0 


P 0 

P 




C *H 0 0 

P n 0 — 




P 0 P Cm 

0 

0 


GOP 

q 0 

u 



0 0 r-l a 

TO 0 rH H 

P 3 


TO 00 

P 30 

TO 

TO 


0 P 3 

0 p 




0) jG Qi*H 

x: aas 

Oi 0 to 


XX cm 

a 0 0 to 




w 0 0 





C j £ 0 

> 1 P £ 0 

O £ 0 


>1 P M3 

0 £ 0 CM 




q S 0 


0 



3 .C 0 S 

P c 0 a 

U -H 0 


P CN 

p -H 0 0 

O 

O 


3 -H 0 

3 ‘H 




a 0 w 

Q 0 W *-* 

Q P £ 


a 0 i 

0 U £ H 

z. 

2 


a p £ 

a p 

h 












XT 











0 

0 

0 

CM 







Cm . 




p 

P 

p 




1 


o 


O 




« 

as 

ce; 

0 O 




0 P 

O 


cn 




030 

030 

cso 

P u p V 




p p c 

in 


CD 




0 0 

0 00 O 

0 0 











0 0 

O M3 

0 0 

(m 0 U O 

V 



4 £ 







0 0 

M3 CM 

0 0 

0 *^0 O 

0 




0 


O 




CM r-4 

-3* r-4 

n vo 

0 CM O "=S“ 

0 



P CP P 

p 


P 








■o* 



a> c 3 














afl w 

Co 


Cm 




C 

C 


a 




£ Pi 0 

o 


0 




•H *• 

•H 


.» 




0 0 

o 


0 




CP P 

CP 

P 

CP P 




£-4 £ 



r-j 




P 0 

P 

0 

P 0 







m 




■h x: 

*H 

XX 

•P ,c 

.0 




1 


1 




> u 

> 

u 

> u 

O 






TO 

1 

0 


TO 

cn co 










0 - 

p = 


0 - 

P P 

1 









W C O 

0 rr 

cn 

0 q 

4-1 p 

P 






<45 

o 


0 0 CM 

a\ 


000 

\ \ 

0 









C4 CPrH 


O 

a cncn 

A ^5 

x: 






0 

+1 


X 0 

0 


x 0 

T— 4 4— 1 

p 



m 



P c 



0 P P 

p - 

+1 

0 p p 


0 TO 



p 



0 o 



p 0 



p 0 

M3 CO 

0 



M4 



P -H 

• 


0 -H 4-4 

00 

in 

0 -H IP 


•' X3 


0 

V 



10 P 

r- 


.x c 

0 0 


.x q 

in co 

P -P 


0 

X) 



C3 

m 


0 O 

0 O 

10 

0 0 

r-~ i—4 

0 P 


0 

H 



rH P 



•H TO 0 

4-1 O TO 

m 

•H TO 0 


xx a 


0 Pi 




0 0 

II 


TO 0 0 

P rn 0 


TO 0 W 

II II 

0 0 


M' 0 







PCM 

3 0 

11 

PCM 


0 


-C 

* 



P 0 

04 


a 0 p 

0 p 3 


Q 0 P 

d 

d 

TO TO 


TO 0 • 

•vm 



0 P 

Q. 


0 44 

3 TO 

a. 

0 4-4 

CL CL 

C 


c 




•p a 



= JZ \ 

- 0 O 


= x; \ 


0 P 


0 ^ 





* 


m 3 

0 O P 

- 

cn 1 3 0 

v. 

0 


as 

•* 




C cn 


O p 

to 0 a 

C cn 

O P TO 

q 

C G 


qo 

q 




■H P 


-Pffl 

c 

■H P 

- p a c 

•H 



•H 0 





cn 4j 


P 0 

0 0 p 

CP 4-4 

p 0 0 

O' P 

tP 0 


CPcP 

CP 




P \ 


0 0 

0 p 0 

P \ 

0 00 

p 0 

P 0 


M (M 

p 




•H jQ 


x: 0 0 

0 3 x: 

•P *Q 

x: 0 -=** 0 

•H XX 

-H -H 


*H H 

*p 




> H 


CJ P rH 

0 P D 

> -H 

u p cP 0 

> u 

> 3 


> ^ 

> 




P 




P 



O 







* 0 




* 0 


x; 

-r-4 






c 

— TO 




4 — TO 


p 

P 






rH 0 

U 5 




O £ 


0 

XI 


in 




(0 *W 

D O 




D 0 O 


r— 4 

0 


m 

» 



-P P 

w W Ot 




— C 04 


u 

44 


q >-0 

q 



P 04 

c 




0 





0 

0 



0 -H 

c o q 




c 0 c 


q q 

C G 


q 0 c "sp 

q 0 

C 


40 P 





*P »— 1 0 


•H O 

*H O 



■W c*4 

0 >5 


0 O 

V) f— I r— I 




0 ,-4 r-4 P 


0 4-4 

0 1—4 


0 4—4 r-4 0 

W r-4 

-P 0 


2 w 

0 0 >1 




0 0 >1 C 


0 >1 

0 >1 


0 0 >» ( 0 

0 0 



0 

P £3 C 




P x> c 0 


P C 

P G 


p jQ q x: 

M ,0 

V •• 


o 





a 





cp 


•: 



C*0 <#> t?P 




C*P <*° <*> d 


cW ctP 

do es> 


dP 0f> aP 3 

dfi && 

<jp «S • • 



in in o 




m in 0 q 


O O 

O 0 


r> m- 0 ns 

in n 

0 ,4 



cm cn in 




cm cn -c • — ■ 


in in 

^ MO 


cn fss *3' w ' 

cm cn 

*«3* 


l 

• CM 














P • 














0 0 





CM 


in 

r~ 


m 




OS s 














q 














0 





•- 


0 

ja 


* 




-H 

0 




q 


q 

0 






0 P 

1— { 




0 


p 

0 






U nj 

0 




u 


0 

p 


n 




C 0 

o 




>, 


0 

0 






0 -H 





CU 



p 


m. 




P 44 

OS 






>« 

x; 


P 




0 -H 







- 0 



m 




4-1 JJ 

- 




0 


x: c 

•. 


Q 




0 c 

q 




-X 


u 0 

4 — 4 


p 




OS 0 . 

0 




1 1 0 


0 0 

0 


r d 




n3 

0 




0 p 


P JS 

T3 


0 




M 

i—4 




CP 0 


0 0 

C 


■CP 





•»■+ 




q 0 


P u 

*P 


0 









W &4 


5X S 

OS 


pj 







1200 0.733 ! 0.573 




TABLE 2-7 


SPECIFIC HEAT VS TEMPERATURE - LOW DENSITY NYLON PHENOI 

Units: Btu/lb°R 


Reference 

Material 

(Resin/Balloons/ 

Nylon) 

2-1 

25/25/50 

2-2 

25/35/40 

2-5 

50/50 

40/60 

Temp ( R) 







500 




0.150 

0 . 

10 0 

750 




0.233 

u 

L 87 

1000 

0 . 260 


0.304 

0 ■. 2 6 8 

: 

1250 

0 .332 


0.362 

m 

m 

• m 
' o 

1500 

0.406 

0.395 

0.413 

0.402 

1750 

0.469 

0.446 

0.459 

0 . 

4 58 | 

2000 

0.503 

0.478 

0.494 

0.484 

2250 

0.516 

0.502 

0.524 

o.. 

497 

2500 

0.520 

0.517 

0.548 

0 *. 

: 0 0 

2750 



0.528 

0.568 



3000 



0.531 

■ 

0.583 



3250 



0.536 

' - 

0.596 



3500 

. 



0.540 

: 

0*606 



3750 



0.542 

0.614 



4000 


| 

0.546 

0.620 



4250 


I 

0.548 

0.624 



4500 


| 

0.552 

0.626 


i 

4750 



0.555 

0.628 



5000 


i 

0.558 

0.628 



5250 



0.561 

| 



5500 



0.565 
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TABLE 2-9 


EMITTANCE - LOW DENSITY NYLON PHENOLIC CHARS 


Reference 

2-1 

2-2 

2- 

-5 

2- 

-15 

2 - 

’15 

2-16 

Temp (°R) 








2000 

0.852 

0.792 






2250 

0.872 

0.818 






2500 

0.883 

0 . 840 

0.600 




2750 

0.924 

0 . 857 



' 



2900 

0.931 

0.865 






3000 

0.927 

0.870 






3100 

0.911 

0.874 






3250 

0.876 

0.878 






3500 

0.775 

0.880 



0.670 

0.660 


3650 

0.716 

0 . 878 


; 




3750 

0.711 

0.874 






3850 

0.759 

0.870 






4000 

0.837 

0.858 

0.616 





4100 

0.866 

0.850 

0.632 

0.670 



4200 

0.883 

0.837 

0.650 


' 


. 

4300 

0.893 

0.825 

0.666 


0.660 


4500 

0.900 

0.791 

0.700 


! 1 

5225 








0 ..812 




TABLE 2-10 


COMPUTED SPECIFIC HEAT OF "BEST ESTIMATE" PYROLYSIS 
OF LOW DENSITY NYLON PHENOLIC 

(40% Nylon, 60% Phenolic Resin) 

Reference - 2-20 


Temperature 

(°R) 

Frozen 

(Btu/lb°R) 

Equilibrium 

(Btu/lb°R) 

-200 

0.450 

0.483 

0 

0. 547 

0.552 

250 

0 . 615 

0.670 

500 

0.680 

0.772 

750 

0.746 

0.862 

1000 

0.803 

0.921 

1250 

0.862 

0.962 

1500 

0.907 

0.987 

1750 

0.940 

1.006 

! 2000 

0.9 60 

... 

1.018 

2250 

0.978 

1.027 

2500 

0.997 

1.035 
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EMITTANCE VS TEMPERATURE 
A VC OAT 5026-39--HC/G 


f Reference 

2-15 

! 2-16 

i 

2-23 

Charred 

During 

Test 

i 2-23 

2460°R 

Char 

Temp 

f 





650 




0.828 

700 

■ ; 



0.960 

0.822 

750 



0.943 

0.814 

1000 

. 

i • . 

•• • . 

0 . 863 

0.778 

1075 



0.841 

0.767 

1250 

1 




1 

0.743 

|: • ' | 

1500 

| :■ | 

| 



0.708 

1750 | 

. - I 

! 



0.673 

2000 

I 

1 

i 

! 

1 

i 

i 


0.638 

2250 

j 

! 

I 


0.603 

2450 

r 



. ) 
: ! 

0.574 j 


3400 j 0.630 

I 

3750 j I 


4000 | | 

4300 \ 0.630 i I 

I 

0.720 | 


5400 



PROPERTY DATA SOURCES 
LLED SILICONE ELASTOMER 



*nion\ , 

'='■ Southern search Instil rate 




SoP. I = Southern Research Institute 



THERMAL CONDUCTIVITY - FILLED SILICONE ELASTOMERS - VIRGIN STATE 








vo 



CO 

LO 

w 




t — 1 


VO 

04 


a) 




VO 


VO 

1 


>« 




« 


« 

04 






03 


03 







CO 

ro 


CO 

Cl 

W 




04 

ro 


04 

ro 

0) 




C" 

VO 


S 


N 




a 

» 


04 






i — i 

i — ! 



00 

VO 

w 

04 

04 

a) 

s 



OS 




LO 

LO 




04 

• 

to 1 

0 

► O 

| 

c 

<D ! 

a 

* 

OS 

CO 

>i ! 

OJ 

04 














rH 

CT> 

03 

VD 

ro 

0* 









I — 1 

i — ! 










rH 

rH 

04 

LO 

00 

rH 









04 

I 


o. 









rH 

rH 

i — 1 

rH 

rH 

CM 










CO 










04 

04 

04 

04 

04 

04 








0$ 











'VF 

04 

00 

O 

O 

O' 

O' 








0 

i — 1 

Os 









CO 

r\j 

O 

ro 

LO 

VD 

VD 









03 

« 

0‘ 








00 

Ch 

o 

o 

i — 1 

1 — 1 

rH 








c\) 

I 

VD 









• 

a 

a 

« 

« 

ft 

a 








-P 

03 

ro 










rH 

CM 

04 

04 

04 

04 








MH 
























: ■ j 

u 

























cu 



to 


CO 

04 

o 

04 

cn 


00 

l> 

00 

CO 

O' 

VD 

04 

04 

ro 

ro 

ro 

os 

•VO 

:r- ; 

to 

i — 1 

CO 

£ r-\ 


o 

CO 

ro 


rH 

VD 

o 

i — \ 

04 

04 

i — 1 

O 

OM 

O' 

■ LO 

ro 

.00 

VD 

:0 

os 

\ 

! 

• 

-P rH 



LO 

r- 

CO 

c^ 

GS 

o 

o 

o 

O 

O 

o 

O'! 

GS 

GS 

CO 

00 

00 • 

:00 

■'VD 


04 

i — 1 

•h a) 


e 

a 

» 

« 

• 

0 

a 

a 

a 

a 

» 

» 

» 

« 

■w 

a 

ft 

s ■ 

: « 

■ 

-p 

m 



& a 


•H 

rH 

i — i 

rH 

rH 

r-l 

04 

04 

04 

04 

04 

04 

H 

H 

rH 

1-1 

rH 

H 

rH 

rH 

1 

O 



to to 



t— 

VO 

00 

00 


CO 

0- 

o 

rH 

04 

CO 

ro 

ro 

LO 

.... 

; 04 

CM 

,<h 

O" 


■■'CM 

i — | 

rH 

CO 

to rH 


ro 

04 

r- 

C T> 

r-> 

1 — 1 

1 o 

VD 

O 

O' 

00 

CO 

O' 

VD 

. ^ 

04 

: bo 

• LO •• 

"OS 

CM 


1 

• 

0 ' — f 


04 


to 

VD 

o- 

OO 

CO 

00 

CO 

CO 

00 

CO 

CO 

CO 

■ : 00' 

00 


• o 

"VO 

HD 


CM 

H 

Sh CO 


» 

* 

« 

* 

» 

a 

0 

a 

a 

a 

« 

ft 

« 

« 

. 

ir. 

...ft 

• ft 

: ■« 


«» 



a o 


rH 

rH 

i — i 

rH 

rH 

rH 

rH 

l — j 

rH 

rH 

j — i 

rH 

rH 

rH 

rH 


rH 

H 

•H 

: fH 

CO 



fid 






















-p 
























•H 

£ 

























D 



to to 


VO 

ro 

LO 

VO 

O'- 

CO 

r- 

ro 

GS 

CN 

CO 

VD 

VO 

1.0 

: CO' 

o 

as 

CD • 


cn i 


i — 1 

CO 

to i — 1 


LO 

ro 

r-- 

00 

VD 

r — 1 


LO 

VD 

r- 

O' 

00 

CO 

O" 

1.0 

fO 

00 

ro 

• ^ 

rH ] 


I 

• 

O rH 


rH 

ro 


LO 

VD 


r- 

O' 

r- 

O' 

O' 

O' 

O' 

l> 

:' fs. 

l> 

VO 

VD 

to 

; 


04 

H 

sh a) 


* 

« 

• 

« 

» 

• 

* 

a 

a 

a 

a 

a 

a 

a 


ft 


.! 

: * 

■ ■ « 1 




u o 
«d 


i — 1 

i — 1 

rH 

1 — 1 

rH 

rH 

rH 

rH 

rH 

rH 

i — i 

rH 

rH 

rH 

H 

lH 

rH 

H 

rH 

H j 





r- 

04 

f — ! 

00 

VO 

04 

GS 


O 

VO 

o 

ro 

rH 

CO 

ro 

00 

O' 

l> 

ro 

o 

CM ! 


i — | 

o 

0 

VO 

GS 

rH 

04 

ro 


i — ! 


ro 

ro 

LO 

LO 

i — | 

00 

CO 

O 

'vr 


co 

in 

: 


i 


s 

1 — 1 

00 

VO 

CO 

CO 

r- 

VD 

LO 

LO 

to 

LO 

VD 

00 

CO 

00 

0- 

LO 

•«dt> 


in 

vo ; 


04 



• 

• 

« 

» 

* 

6 

e 

a 

0 

a 

a 

a 

« 

e 

a 

» 


’ a 


■ ■ ^ 





< — 1 

rH 

i — 1 

i — i 

i — i 

rH 

1 — 1 

l — j 

rH 

1- — 1 

i — i 

rH 

rH 

rH 

H 

i-™-! 

rH 

, H 

H 

H 

rH . 





o 

r- 

VO 

GS 

00 

ro 

VO 

LO 

C^ 

ro 

o 

rH 

rH 

Q 

CD 

VO 

(V) 

O' 

00 : 

O 

■^ ! 


i — 1 

o 

0 

LO 

rH 

LO 

00 

O' 

00 

LO 

O' 

00 

ro 

LO 

rH 

VD 

LO 

O 

CO 

lf> 

VD 

■VO 

to 

•VO 1 


I 


S3 

04 


LO 

VO 

O'- 

CO 

00 

00 

CO 

Cft 

GS 

o 

O 

:o 

o 

0"? 

CO 

O 

■VD 

in 

■VrH :• 


04 



« 

0 

* 

e 

• 

» 

«. 

a 

a 

a 

a 

a 

« 

u 

ft 

0 

a 

0 

ft. 



. 




1 — 1 

rH 

rH 

rH 

1 — 1 

rH 

1 — 1 

rH 

rH 

rH 

rH 

04 

04 

04 

CM 

r ~ 


H 

H 

.H 

H | 


CD 

4J -p 

o 

! ^ 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

LO 

o 

o 

o 

M 

"H vh 

>1 

i 

o 

LO 

o 

LO 

o 

in 

o 

vo 

O'. 

vo 

00 

in 

o 

in 

© 

to \ 

© 

f & 

C4 

CM 

CO 

00 


•’H 1 

in 

LO 

LO 

vo 

vo 

O' 

00 

CO 


w a xt a • e 

© OH 0,0! 
Pi Q “ M ' Eh 



CN 

<N 

! 

CN 


C4 

P 

m 

Eh 



PS 


w 

CO 

S 

w 

o 

o 

Eh 

ps 

to 

p 

< 

o 

P 

co 

W 

Eh 

w 

< 

C3 

w 

o 

K 

CJ 


H 

U 

p 

H 

IP 


co 

H 


CJ 

Q 

w 

w 

CU 

p 

CO 

p 


1 — 1 


p 






jJ 





P 





O 





a 





© 

0) >s 







CS5 

os 



o 

o 

o 


£ p 

P 

p 

p 

a 





© 

P O 

-M 

XI 

X4 

o 

cn u 




o 

W < 




< 





Cu Cu 





O 0 





o o 


c 

d 

e 

o o 



© 

© 

cm Cu CM Cu 

© o 

> 

> 

> 

O 

O 

P OS 


•H 

-P 

o o 

u u 

O' 

cn 

0> 

' o -o 





e*> o»> VO 


*> 

P 

xJ 

CM IO 


o 

o 

C 

o o 

os < 

z 

z 

z 

P P P x> 





o 





O -P II 




x= 

•P XI 4-1 £ 


O CUE 



p -p -p p 

— i 



P s. 

© o p -a p 


© © © = 


I © cn 

E © d o 

xi 

O -C P 


0 XL 

OHO *• P 


X) * 


p P 

p to £ — 


CJ C X) X 

© 

© d P p 

3 3 W O 

E XL 

O © C 

£ 

U © d ci 

< cn p © 

-P P 


© 

© O 

3 P -P P 


- E= — 

to 

a - e to 

x: O cn P © 


P QJ CN P 


OP© — 

O 3 C © -P 


C O U \ fi 


u © u 

© C H 10 p 


O X) 3 H Q, 


© X 3 B1 

P -P c 


cn Cl in P 


© cn © 

© p p u © p 


C E Q Cl CJ 


>. £ © -Q 

c d © z p © 


3 *P CJ H S 


P -p © 3 

SiO ow ox 


ca u e a*-- . 


Q P E O 

D U M W ‘P © 




Cu 

i 

ui 

0 

o 

0 

0 

© p 

•n* 

1-1 

o 

o 

JjX c 

m 

VO 

\o 

o 

3 O <U 

r* 

r- 

r- 


P E 





© (U (D 

O 

o 

o 

O 

P CT P 

x» 

x> 

-U 

P 

© C 3 







Cu 

Cu 

Cu 

E os © 

O 

0 

0 

0 

© a) 

m 

CM 

CP 

o 

Eh X 

o 

o 

P 

o 


V 

CM 

m 

l 

CN 

l 



>1 





P XI P 


m 



1 © O -PCM 



PI 

o 

0 0 cn x> 

o 

o> 


N* 

d x .a d p 


cn 



0) 0 6 o\ 



P c 

II 

XL S 0 'O .Q 

II 




CU O P 



P P 

cu 

- xn 

Pu 

a 

0) P 

a 

d in o x cd 

Q- 

a 


m 

-p © C p ♦ 

n 

m 


' XJ 

• © O \p 

- P 

v P 

(0 (0 

C P 

c p x .a ^ 

d p 

C XJ 


•H \ 

•P O' P 

•H \ 

•p \ 


-a 

O' = II 

O' J3 

Cn X3 



u twin 

P P 

P P 



-P -P \ • a 

-p 

•P 

© 

> 

> r-i p n Q. 

> 

> 

E 






id 

JQ 




en 





i O' cn 



to tn 


i 03 C C 



i d © 


P P -P O 



P o © 





>, d ra o p 


<0 -P O E CI^H 



co -p © p cn p XL 


03 DPP 



to p P 3 0 


O' O IN CJ © © 



CT» © © © o o © 





d p x: xj -p © 





•p CU p XX © 

•P P 

C in cn u 


© 

dCMWOOEPO 



E 

£ 

P C33 -P d O © © 



© 

© 

O p © p © O p 


cj o3 in u o 

CO 

co 

u O 0 XL XX 


TJ O' X) p -p d — 



T3 -p d CU © P P 

£ cn 

SUHinci'-iou 



5 p P © C © P 





O © -p SL d o cu © 

Q 

Q Cn CO P W cn CU — 



a cn © cup xl © o 


df> <& an <sO 



<*>£*><* 5 


o r» *«r cv 



m m o 


t~~ P 



i" p p 



© 1 

© 

i 


d 

d x 

d 

o 



o © 

9 

\ 



>1 o c 

>> o 


p p 


© -p o 

© -p 


03 03 


p p x: 

*p p 

o 


Cn-P 

cn-p 

cn-P 



d cn 

end 

d n 



© 


© 

o 



pj -a 


VO 



\ © c 

\ © C 




<£. P -P X 

< p P 

C 


cn h in 

to p cn £ 

to p cn 

CO 



C -p © o 

< -p © 

< 

M 

Z «M U 

Z n-i p o 

Z tw P 

z to 

1 

• (NS 









tn 

OS 5S 





c 





0 

© 









0) P 

03 




O 03 










© -p 

■» 



E 

U 4~i 

OS 








u 

4_t P 





C) 3 

c 




os © 

o 




-c 

to 



© 










o 


3: 



Q 









TABLE 2-23 


SPECIFIC HEAT VS TEMPERATURE - FILLED SILICONE EL AS TOM 

10% Phenolic: Bell 

p = 40 Ib/ft -3 , Nominal Composition 15% Silica Sphere 
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SECTION 3 


ABLATION TEST DATA COMPILATION 
3 . 1 DATA PRESENTATION 

Ablation test data have been compiled from available literature for the 3 
heat shield materials: low density phenolic nylon, low density silicone 
elastomer, and Apollo heat shield material (Avcoat 5026-39HC/G) . The data 
fall in the following range of test conditions: 

• stagnation pressure s 1.0 atm. 

2 

• stagnation point heating rate = 10 to 600 Btu/ft sec. 

• test stream total enthalpy = 2,000 to 20,000 Btu/lbm. 

o stream oxygen mass fraction = 0 to 0.23 

Tables 3-1 through 3-3 present the test data for nylon phenolic, silicone 
elastomer and Avcoat 5026-39-HC/G , respectively. The tabulations include: the 
test facility, report referenced, material composition, model geometry, total 
enthalpy, stagnation point heat flux, stagnation pressure, oxygen mass fraction, 
run time, surface recession, final char thickness and char density (if given) . 

In addition the test measurement techniques are outlined, indicating the type 
of enthalpy measurement used, the calorimeter used, the pyrometer or radiometer 
employed and the number of published temperature points. Relative to tempera- 
ture measurement, Tables 3-4 through 3-6 present the histories of internal and 
surface temperatures for the tests on nylon phenolic, silicone elastomer, and 
Apollo heat shield material, respectively. 

Space did not permit listing the type of stagnation pressure trans- 
ducers that were employed for each test calibration. However, good accuracy 
is the rule in pressure measurements by pitot probe or strain guage trans- 
ducer, so the specific method used is of minor importance. 

Figures 3-1, 3-2 & 3-3 present plots of the tabulated test conditions in 
terms of cold wall heat flux and stagnation pressure, with enthalpy listed. 
Unfortunately test results were not available that match the space shuttle 
environment, namely, heating rates of 50 Btu/ft 2 sec and less at an enthalpy of 
10,000 to 15,000 Btu/lbm with a total pressure of 0.1 atmosphere. However 
the shuttle -condition is reasonably well bounded by available data so that 
conclusions on the applicability of CHAP to shuttle analysis should be possible. 
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The specified limitations on material composition and on test environ- 
ment conditions were strictly maintained. It was desirable, but not made an 
absolute requirement, that internal and surface temperature measurements were 
included in the published data. In cases where internal temperatures were 
not published, the data are included in Tables 3-1, 3-2 & 3-3 if the test condi- 
tion provides information in the test environment matrix not covered by 
instrumented models. In some cases, data without temperatures is included 
where the test condition is the same as for instrumented models but the run 
time is shorter, thus reducing the computer cost. As an added benefit in such 
cases a cross check on recession data is obtained. 

The longest run times recorded (up to 10 minutes) appeared in Reference 3-7 
for a series of duct flow tests on Apollo heat shield material performed by 
Boeing (Table 3-3). The long runs make computer simulation prohibitively ex- 
pensive and this data probably will not be used in the CHAP evaluation. In 
addition, uncertainties in heat flux levels were large in those tests because 
of the time-varying model surface shape. The recession and char thickness 
information data is incomplete in that the locations of the post test material 
thickness measurements is not defined in Reference 3-7. 

3.2 MEASUREMENT UNCERTAINTIES 

Although thermocouple data contribute significantly to test results, 
uncertainties in the measurement of temperature are inherent but difficult to 
assess,. Heat leak errors are the primary concern in internal and backface 
temperature measurements. Frequently backface temperatures are employed in 
testing to evaluate relative response times of various heat shield candidates. 

The measurement is made with an instrumented copper plate bonded to the back- 
face of the model. The resulting measurement will differ from the true back- 
face temperature by a magnitude that depends on the temperature level, the 
type of bonding, the relative thermal masses of the instrumented plate and the 
model, and potential heat leak paths away from the plate. The documented 
data are usually not complete enough to evaluate the error. Therefore the planned 
approach in the analytical studies will be to assume the "backface" and in- 
depth temperatures are accurate. Then, if discrepancies develop between 
analysis and test data as the study proceeds, an assessment of temperature 
uncertainties will be considered. 

The data from sources such as the round-robin ablation series 
(Reference 3-1) in which more than one technique was used to measure enthalpy 
and heat flux, points out some of the problems of obtaining accurate calibration 





measurements. Bulk average enthalpy measurements by energy balance or sonic 
flow calculations were generally in good agreement. However, the derivation 
of enthalpy from the cold wall heat flux and model stagnation pressure using 
the Fay-Riddell equation resulted in a value that tended to be significantly 
greater than the bulk value. The explanation is primarily that the center- 
line enthalpy, in the region of the model, was higher than the average enthalpy. 
Non-uniformities are more pronounced in some facilities than others as shown 
in Reference 3-1 with plotted surveys of heat flux and stagnation pressure 
versus radial position. Heat flux enthalpy, if available, is probably pref- 
erable to average enthalpy for ablation analysis with CHAP. 

Since stagnation point heat flux is a function of the shape and diameter 
of the calorimeter, the primary calorimeter data, where multiple measurements 
were made, is from a calorimeter of the same shape as the test model. The 
second calorimeter measurement, if listed, is for a different shape, either 
hemispherical or flat face with a different diameter, which has been corrected 
to the actual model shape. In Reference 3-1, a comparison of the results of 
the SRI 1.25 inch diameter flat face calorimeter in each facility with the 
facility calorimeter adjusted to a 1.25 inch diameter flat face indicated a 
standard deviation of 13%. The plots of Figures 3-1, 3-2, and 3-3, presenting 
i the test environment points, employ the averaged heat transfer and enthalpy 
values from the tabulated data. 

3.3 REJECTED DATA 

Flight data is not included in the collected test tabulation for a 
number of reasons. A complete description of the local free stream environ- 
ment (heat flux, pressure and enthalpy) was usually not published. The 
environment was complicated by the fact that it was time dependent. Some of 
the Apollo heat shield flight data is classified confidential placing 
restrictions on the duplicated data that would not be warranted in this 
document. 

Of the literature surveyed on nylon phenolic, silicone elastomer, and 
Avocat 5026-39-HC/G, a significant number of reports had to be rejected as not 
appropriate. The attached reference list includes those references that were 
discarded and 'the reason for rejection. Incomplete data from some of the re- 
jected list, such as References 3-15 and 3-18, is available but it does not 
provide a unique contribution to the matrix of test conditions and was conse- 
quently not included. Reference 3-1 of the applicable list contains numerous 
test points that have not been listed only because temperature data was miss- 
ing. In all other respects, the unused data of Reference 3-1 is more complete 
than any of the points in the above-mentioned references from the rejected list 
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Reason : Densities too low (10-20 lb/ft 3 ) 
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Pressures," NASA TN D-3619, June 1964. Reason : Various: Virgin Mate- 

rial reduced to zero thickness; or pt_ > 1.4 atm; or temperature histories 

■ incomplete . 
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3-12. Swann, Robert T., Dow, Marvin D., and Tompkins, Stephen S., "Analysis of 
the Effects of Environmental Conditions on the Performance of Charring 
Ablators," J, Spacecraft & Rockets , Vol. 3, No. 1, January 1966. 

Reason : High density phenolic nylon, density and composition of silicone 

elastomer not specified. 

3-13. Lundell, John H. , Dickey, Robert R., and Jones, Jerold W. , "Performance 
of Charring Ablative Materials in the Diffusion Controlled Surface Com- 
bustion Regime," AIAA Paper No. 67-328, April, 1967. Reason : Test 
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of Oxygen Depletion in Gas-Phase Chemical Reactions on the Surface 
Recession of Charring Ablators, AIAA. Paper No. 68-302, April 1968." 
Reason : Refers to A.IAA Paper 67-328 above for most of data, balance of 
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3-15. Swann, Robert T., Brewer, William D., and Clark, Ronald K. , "Effect of 
Composition, Density and Environment on the Ablative Performance of 
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3-16. Dow, Marvin B. and Brewer, William D. , "Performance of Several Ablation 
Materials Exposed to Low Convective Heating Rates in an Arc-Jet Stream." 
NASA TN D-2577 , January 1965. Reason: Keating rates very low (2 and 6 
Btu/hr-ft 2 ) . 

3-17. Graves, Randolph A. and Witte, Wm. G. , "Flight-Test Analysis of Apollo 

Heat-Shield Material Using the Pacemaker Vehicle System." NASA TN D-4713 
August 1968. Reason : Peak pressure reached 8 atmospheres at stagnation 

point. No internal temperature data was obtained. 

3-18. Peters, Roger W. and Wodlin, Kenneth L., "The Effect of Resin Composition 
and Fillers on the Performance of a Molded Charring Ablator." NASA TN 
D-2024, December 1963. Reason : No temperature data published for Micro- 

balloon-filled material. 

3-19. Bonasi, J. J., Moodie, D. M. , Gluck, R. , and Zeh, W. , "Low Density Shear 
Resistant Ablators for Lifting Reentry Vehicles." Proceedings of AIAA/ 
ASME Eighth Structures, Structural Dynamics and Materials Conference, 
March, 1967. Reason : Reference material tested may be Avcoat 5026-39 

*HC/G but it is not specifically defined as such, atm. 

3-20. Strauss, Eric L. , "Super light Ablative Systems for Mars Lander 

Thermal Protection." Proceedings of AIAA/ASME Eighth Structures, 
Structural Dynamics and Material Conference, March, 1967. Reason : 

No recession or char thickness data given, techniques for measuring 
heat flux or enthalpy not' given. 

3-21. Crouch, Roger K. and Walberg, Gerald D. , "An Investigation of Ablation 
Behavior of Avcoat 5026/39M Over a Wide Range of Thermal Environments." 
NASA TM X-1778, April 1969. Reason : Material tested is molded without 

honeycomb structure. Thermophysical properties are presumably different 
than Avcoat 5026-39-HG/G. 


3-5 



3-22. Curry, Donald M. and Stephens, Emily W. , “Apollo Ablator Thermal Perform- 
ance at Superorbital Entry Velocities." NASA TN D-5969, September 1970. 
Reason ; Incomplete data on heat flux, pressure and enthalpy at locations 
instrumented with thermocouples. Heat flux data, if available, would be 
variable, introducing a complexity that is not desirable in CHAP study. 

3-23. Low, George M. , "Apollo 6 Mission Report," NASA Report No. MSC-PA-R-68-9 , 
June 1968. Reason ; Same as for Reference 3-22 above. 

3-24. Lundell, John H. , Wakefield, Roy M. and Jones, Jerold W. , "Experimental 

Investigation of a Charring Ablative Material Exposed to Combined Convective 
and Radiative Heating," AIAA Journal Vol. 3, No. 11, November 1965. , 

Reason : Material tested was high density phenolic nylon (p=75 lb/ft ; . 

3-25. Dow, Marvin B. and Swann Robert T., "Determination of Effects of Oxidation 
on Performance of Charring Ablators." NASA TR-R-196, June 1964. Reason ; 
Material tested was high density phenolic nylon (p=75 lb/ft 3 ) . 

3-26. Tompkins, Stephen S., "A Study of the Simulation of the Flight Performance 
of Charring Ablators in Ground Facilities." NASA TM X-61509, June 1968. 
Reason : Data is contained in Reference 3-2. 

3-27. . Walberg, Gerald D. and Crouch, Roger K. , "Exploratory Investigation of 

the Effect of Nylon Grain Size on Ablation of Phenolic Nylon," 

NASA TN D-3465, August 1966. Reason : Stagnation pressures on order of 

6 atmos . 

3-28. Peters, Roger W. and Wilson, R. Gale, "Experimental Investigation of the 
Effect of Convective and Radiative Heat Loads on the Performance of 
Subliming and Charring Ablators," NASA TN D-1355, July 1962. Reason ; 

The phenolic-nylon tested was 50% phenolic and 50% nylon, density 74.5 

lb/ft 3 . 

3-29. Chapman, Andrew J. , "An Experimental Evaluation of Three Types of Thermal 
Protection Materials at Moderate Heating Rates and High Total Heating 
Loads , "NASA TN D-1814, July 1963. Reason : No recession data or char 

thickness data. 

3-30: Moss, James N. and Howell, William E., "Recent Developments in Low- 

Density Ablation Material: Proceedings of the 12th National Symposium 

of SAMPE," October 1967. Reason : For the appropriate density phenolic 

nylon, data is lacking on recession and char thickness. Also only the 
^00°F temperature point at backface is given.: For the appropriate 
elastomer, no temperature data is given. 

3-31: Brooks, William A. Jr., Tompkins, Stephen S. and Swann, Robert T. , "Flight 

and Ground Tests of Apollo Heat-Shield Material, (C) Conference on Langley 
Research Related to Apollo Mission, "June 1965. Reason : 1. Classified. 

2) p t 2>l"0 atm (up to 3 atm) over much of the flight test. 

3-32. Raper, James L., "Results of a Flight Test of the Apollo-Heat Shield 

Material at 28,000 Feet Per Second," (C) February 1966. Reason : Same 

test as discussed in Reference 3-22. 

3-33. Dow, M. B,, Bush, H. G., and Tompkins, S. S., "Analysis of the Super- 
circular Reentry Performance of a Low-Density Phenolic-Nylon Ablator," 

NASA TMX-1577 , May 1968. Reason : Flight data; document classified. 


3-6 



TABLE 



body o t basis- - 

phore cylinder. 

Flat faca 0.75* 5,200 

dla » 0, 10" thick 5,500 




ABLATION TEST DATA, LOW DENSITY SILICONE ELASTOMER 
























ABLATION TEST DATA, AVCOAT 5026-39-HC/G 



cyl. ,cyl. dla. 







Notes for Tables 3-1, 3-2, and 3-3 


1. Facility Designations 

® NASA-Ames Gas Dynamics Branch (GDB) Planetary Entry Ablation Facility 

® NASA-Ames Magneto Plasma Dynamics Branch (MPDB) Low Density 
Constricted-Arc Supersonic Jet 

• NASA-Langley Applied Materials and Physics Division (AMPD ) 20 inch 
Hypersonic Arc Heated Tunnel 

• Aerotherm Corporation 1 MW Arc Plasma Facility 

• Giannini . Scientific Corporation 1 MW Hyperthermal Test Facility 

• Martin Company Plasma Arc Laboratory, Facility B 

• Space General Corporation Electro-Thermal Facility 

• NASA-Langley Entry Structures Branch (ESB) 5 MW Arc Powered Tunnel 
and 1 MW Arc Powered Tunnel 

® NASA-Langley 2500 KW Arc-Powered Jet, Subsonic Flow 

• Boeing Miniarc E Arc-heated Plasma Facility 

• General Electric Space Sciences Laboratory (SSL) Hypersonic Arc Tunnel 

2. Material Composition Code 

• Phenolic Nylon PR = phenolic resin 

PM = phenolic microspheres 
N = nylon 

SIM = silica microspheres 

• Silicone Elastomer SR = silicone resin 

SM = silicone microspheres 
PM = phenolic microspheres 

3. Enthalpy Measurement Techniques 

EB = Energy balance on arc generator 

SF = Frozen sonic flow technique (or mass balance) 

HF = Heat flux at stagnation point using Fay-Riddell equation 
SP = Spectrographic method to determine static temperature; enthalpy 
read from Mollier diagram 

4. In Boeing tests, pressure listed is test section entrance static pressure. 

5. In NASA-Ames Entry Heating Simulator tests, convection heat flux (Column I) 
and radiation heat flux (Column II) were applied simultaneously. Radiation 
source was a carbon arc lamp. 



TABLE 3-4 


MODEL INTERNAL AND SURFACE TEMPERATURE DATA, LOW 
DENSITY NYLON PHENOLIC 

(Except where specified, all initial temperature = 530°R) 

Reference - 3-1 
Facility - NASA Ames GDB 
Model - PLL96 


Time 
| (sec) 

Temperature (°R) at Locations Indicated (in.) 
from Initial Surface 

0 . 094 

0.226 

0.328 

0.426 

Front 
Surface 
(e=l . 0) 

5 

610 

• 



2860 

10 

780 




3050 

15 

1170 




3150 

20 

1700 

580 



3230 

25 

2110 




3300 

30 



590 

540 


40 


730 



3450 

50 


930 

630 

580 

3500 

60 


1150 

640 


3480 

7 0 


1670 

700 


3480 

90 




620 

' 


Reference - 3-1 
Facility - NASA Ames GDB 
Model PLH98 


Time 

(sec) 

Temperature (°R) at Locations Indicated (in) 
from Initial Surface 

0.115 

0.212 

0.314 

0.431 

Front 
Surface 
(e=l. 0) 

5 

560 




2900 

10 

650 




3110 

15 

820 




3200 

20 

1060 




3260 

25 

1410 




3300 

30 

1890 

640 


540 

3340 

40 

2600 

770 

570 


3400 

50 


990 

600 

560 

3440 

60 


1380 

640 


3500 

70 


2070 

730 

5’80 

3520 

75 


2270 












TABLE 3-4 (continued) 


Reference - 3-1 
Facility - NASA Ames MPDB 
Model - PLL87 



Temperature (°R) at Locations 
Indicated (in) from Initial 
Front Surface 

0.095 

0.220 

0.310 

5 

540 



10 

580 

540 

535 

15 

700 



20 

900 

580 

540 

! 25 

1160 



30 


610 

570 

40 


660 

610 

50 


780 

620 


Reference - 3-1 
Facility - NASA Langley AMPD 
Model - PLL93 


Time 

(sec) 

Temperature (°R) at Locations Indicated 
(in) from Initial Front Surface 

0.114 

0.198 

0.314 

Front 

Surface 

(£=1.0) 

4 

600 



I 

1 6 

640 




8 

810 


' 1 

1 

10 

1250 

600 

1 


12 

1960 


1 1 . I 

4400 

15 


630 



20 


840 

Hi 


22 


1170 



24 


1810 



25 



610 















TABLE 3-4 (continued) 



0.114 

0.216 

0.309 

Front 
Surface 
(8 = 1.0) 


570 

680 

1190 


Reference - 3-1 

Facility - Aerotherm Corporation 
Model - PLL97 


Temperature (°R) at Location Indicated (in) 
from Initial Front Surface 


0.220 

0.310 

0.399 

Front 
Surface 
(8 = 1.0) 

550 



3210 

600 

570 

570 

3340 

650 


i 

3360 

780 

600 

600 

3420 

1040 



3510 


680 

640 

3590 


1030 

700 



2130 

1350 










TABLE 3-4 (continued) 


Reference - 3-1 

Facility - Giannini Scientific 
Model - PLL90 


Time 

Temperature (°R) at Locations 
Indicated (in) from Initial 


Surface 



(sec) 

0.119 

0.220 

Front 
Surface 
(e=l. 0) 

5 

540 


3560 

10 

710 

545 

3910 

15 

1480 


3880 

20 

1980 

600 

4040 1 

25 


660 

4070 

30 


890 

4130 

35 


1490 

4120 1 


Reference - 3-1 

Facility - Giannini Scientific 
Model - PLH90 


Time 

(sec) 

Temperature (°R) at Locations 
Indicated (in) from Initial 
Front Surface 

0.111 

0.204 

Front 

Surface 

'(6=1.0) 

5 

540 


2760 

10 

640 

540 

3210 

15 

890 


3410 

20 

1400 

570 

3590 

25 

1930 

620 

3660 

30 


690 

3760 

35 


790 

3830 





TABLE 3-4 (continued) 


Reference - 3-1 
Facility - Martin Company 
Model - PLL91 


rime ! 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 






Front 

(sec) • 

0.111 

0.221 

0.314 

0.415 

Surface 






(£=1.0) 

5 

550 





10 

600 




2660 

15 

660 





20 

710 

570 

550 


2780 

30 

820 





40 

1680 

670 

580 

560 

2920 

60 


830 

620 


3020 

80 


1090 

690 

610 

3100 

10 0 


1540 

910 


3160 

120 




700 



Reference - 3-1 
Facility - Martin Company 
Model - PLH91 


[ Time 

j (sec) 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 

0.115 

0.211 

0.313 

0.405 

Front 

Surface 

(£=1.0) 

10 

620 




2620 5 

15 

680 

' 




20 

780 

560 

540 


2710 

25 

910 





30 

1040 





40 

1420 

670 

550 

540 

2840 1 

1 50 

1810 





60 


830 

600 


2940 

j 80 


1120 

660 

’ 570 

3020 

j 100 



770 


3100 

1 120 




760 












TABLE 3-4 (continued) 

i 

Reference - 3-1 
Facility - Space General 
Model - PLL94 

| Time Temperature (°R) at Locations Indicated (in) 

| from Initial Front Surface 


c 




TABLE 3-4 (continued) 


Time 


Reference - 3-2 
Facility - NASA Langley ESB 
Models - LD-7, LD-8 


Temperatures (°R) at Locations Indicated (in) 
fron Initial Front Surface 


Model 

LD-7 





Model 

LD-8 



1 

1 

0.378 

0.505 

0.126 

0.250 


0.500 

530 

530 

530 

560 

560 

560 

560 

1 





600 

1 





| 





770 

1 





545 





1435 

565 





565 





2150 

580 





600 






630 





690 






700 





850 

540 




820 





1090 

550 




1000 

565 



1500 

560 




1320 

585 



2140 

595 




1910 

625 



2465 

630 

540 


2305 

675 



2665 

660 

545 


2500 

710 

565 


730 

550 



795 

570 


850 

565 



940 

580 


1100 

577 



1165 

605 


1445 

605 



1580 

623 


• 1950 

630 



2080 

653 


2280 

665 



2415 

680 


2560 

720 



2680 

737 




795 





800 




937 


• 



937 




1130 





1100 




1460 





1350 




1880 


i 



1640 















Reference - 3-3 


Facility - NASA Langley AMPD 
Models - PN-2 Material at Various Exposure Times 


Time 


Temperature (°R) at Back Face, 0.5 in. from 
Initial Front Face 




532.5 

541 

559.3 

573 


532.5 

540.8 

560 


Temperature (°R) at Front Surface 


30 sec 
Exposure 


3280 

3440 

3490 

3460 

3595 


90 sec 
Exposure 


3110 

3540 

3390 


3410 

3530 

3620 

3650 

3625 

3710 


120 sec 
Exposure 

3560 

3610 

3690 

3835 

3850 

3690 

3830 

3885 

3860 

3865 

3930 

3880 . 

3950 


560.2 

595 

646.3 
720 
771 








TABLE 3-4 (continued) 


Reference - 3-4 ( 

Facility - NASA Langley 2500 KW Arc 
Models - 8 Models of Low Density Phenolic Nylon 






TABLE 3-4 (concluded) 









\ TABLE 3-5 

MODEL INTERNAL AND SURFACE TEMPERATURE DATA, 
LOW DENSITY SILICONE ELASTOMER 
(All initial temperatures = 530°R) 

Reference 3-1 ! 

Facility - NASA Ames GDB 
Model - SP96 


1 

Time 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 






Front 

(sec) 

0.095 

0.220 

j 

0.337 ; 

w • 

0.405 

Surface 

■ ... 





(e=l . 0) 

5 - 

580 




3000 

10 

700 




3000 

15 

840 




3000 

. 20 

1020 




2970 

30 

1370 

630 

550 

540 

2930 

40 

1650 

680 



2890 

50 

1810 

730 

590 

550 

2860 

60 


810 



2820 

70 


880 

630 

580 

2800 

^ 5 


930 





Reference 



Facility - NASA Ames MPDB 
Model - SP89 


Temperature (°R) at Locations Indicated 
from Initial Front Surface 


Time 


(sec) 


5 

10 

15 

20 

25 


0.120 


590 

740 

1050 

1690 

2210 


0.241 


535 

540- 

555 

580 

605 


0.311 


532 

534 

536 


0.421 


532 

534 

536 


(in) 


Front 
Surface 
(e=l. 0) 


3070 

3310 

3340 

3350 

3350 










TABLE 3-5 (continued) 


Reference 3-1 

Facility - NASA Langley AMPD 
Model— SP9 3 











TABLE 3-5 (continued) 


Reference 3-1 

Facility - Giannini Scientific 
Model - SP90 


> i 

Time 

(s.ec) 

Temperature (°R) at Locations Indicated 
(in) from Initial Front Surface 

0.099 

0.216 

Front 
Surface 
(e = 1.0) 

5 

550 


3060 

! 10 

730 


3260 

15 

1030 


3310 

20 

1530 

560 

3460 

0 ^ 

1930 



! 30 


630 

3460 


Reference 3-1 
Facility - Martin Company 
Model - SP91 


Time 

(sec) 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 

0.097 

0.198 

0.314 

0.411 

Front 

Surface 

(e = 1.0) 

10 

600 




2690 

20 

750 

570 



2750 

30 

870 





40 

1000 

690 

550 

540 

2780 

50 

1080 





J 60 

1140 

850 




I 80 


1010 

650 


2840 

! 120 


• 

790 

KHfl 














TABLE 3-5 (concluded) 


/ Reference 3-1 
Facility - Space General 
Model - SP94 


Time 

(sec) 

Temperature (° 
(in) from 

R) at Locations Indicated 
Initial Front Surface 

0.097 

0.189 

Front 
Surface 
(e=l . 0 ) 

5 

610 


3180 

10 

740 


3260 

15 

980 


3300 

20 

1300 

580 

3330 

25 

1600 


3360 

30 

1830 

670 

3380 

35 

1990 


3400 

40 


780 

3410 

50 


900 

3420 






TABLE 3-6* 


MODEL INTERNAL AND SURFACE TEMPERATURE DATA/ 
AVCOAT 5026-39 HC/G 

(Except where specified, all initial temperatures = 530°R) 


Reference - 3-1 
Facility - NASA Ames GDB 
Model - A93 


Time 

(sec) 

Temperature (°R) at 
(in) from Initial 

Locations Indicated 
Front Surface 

0.113 

0.226 

0.330 

Front 
Surface 
(e=l. 0) 

5 

610 



3120 

10 

900 



3220 

15 

1320 



3250 

20 

1810 



3290 

25 

2210 



3310 

30 

2460 

580 


3340 

40 

2940 

620 


3360 

50 


700 

590 

3390 

60 


830 

610 

3360 

70 


980. 

650 

3390 

75 


1080 




Reference - 3-1 
Facility - NASA Ames MPDB 
Model - A84 


Time 

Temperature (°R) at 
(in) from Initial 

Locations Indicated j 
Front Surface 

(sec) 

0.104 

■ 0.222 

0.305 

0.410 I 

5 

560 




10 

700 

550 

540 

535 

15 

1070 




20 

1660 

605 

550 


25 

2120 




. 30 


810 

580 

1 550 

40 


1160 

650 


50 


1640 

770 

585 

f 


*Note: Due to the large quantity of AVCOAT material data, temperature 

histories are presented here for ©nly a representative sampling of test 

¥ 

runs in Table 3-1. 


TABLE 3-6 (continued) 


Reference - 3-1 
Facility - NASA Ames MPDB 
Model - A85 


Time 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 

(sec) 

0.103 

0.211 

0.321 

0.424 

Front 

Surface 

(e=1.0) 

4 

550 




3160 

5 


540 

540 

535 


8 

800 




3470 

i io 


545 

545 

540 


! x2 

1220 




3610 

15 


580 

550 



| 16 

2120 





20 

2600 

670 

650 

550 

3740 

1 25 



660 

555 



Reference - 3-1 
Facility - NASA Langley AMPD 
Model - A90 


| Time 
1 ( s@c ) 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 

" 1 

0.107 

0.209 

. 

0.311 

0.420 

Front 
Surface 
(s = l . 0 ) 

j 4 

560 

, 




55 



535 



6 

600 

570 




8 

680 

600 




10 

850 

670 

570 

535 


12 

1320 

800 




14 

1950 

1110 



4380 

15 . 



600 

’ 


WKm ■ 



730 

580 










TABLE 3-6 (continued) 


Reference - 3-1 

Facility - Aerotherm Corporation 
Model - A98 


Time 

Temperature (°R) at Locations Indicated 
from Initial Front Surface 

(in) 

0.113 

0.215 

0.313 

0.424 

Front 
Surface 
(e=l .0) 

5 

630 




3160 

10 

1010 

570 



3270 

15 

1490 





20 

1960 

660 

550 

540 

3320 

25 

2350 





30 


890 



3370 

40 


1340 

660 

560 

3410 

50 


1930 



3460 

j 60 



1060 

640 

3630 

; so 



1840 

830 

3630 

1 100 




1350 



Reference - 3-1 

Facility - Giannini Scientific 
Model - A94 


Time 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 




Front 

(sec) 

0.101 

0.213 

Surface 




(e-1. 0) 

2 

535 


2910 

5 

560 


3260 

8 

720 


3410 

10 

890 

540 

3560 

13 

1340 



15 

1740 


3620 

18 

2190 



20 


650 

367’0 

25 


820 


30 


1130 

3820 

35 


1620 







TABLE 3-6 (continued) 


Reference - 3-1 
Facility - Martin Company 
Model - A95 


Time ' Temperature (°R) at Locations Indicated (in) 
| from Initial Front Surface 


sec) 

0.103 

0.216 

0.314 

0.415 

Front 

Surface 

(e=1.0) 

5 

560 





10 

730 




2830 

15 

940 





20 

1190 

590 

540 


2960 

25 

1440 





30 

1730 

700 




40 


860 

590 

540 

3060 

50 


1050 




60 


1260 

730 


3080 

80 



920 

620 

3060 

100 



1160 


3080 

120 




900 



Reference - 3-1 
Facility - Space General 
Model - A97 


Time 

Temperature (°R) at Locations Indicated (in) 
from Initial Front Surface 




Front 

(sec) 

0.110 

0.203 

Surface 




(e=l. 0) 

5 

600 



10 

820 


3410 

15 

1220 

600 


20 

1780 

670 

3460 ! 

25 

2230 

790 


30 


980 

- 3510 

35 


1200 


40 


1470 

3530 

45 


1730 














TABLE 3-6 (continued) 


Reference - 3-8 

Facility - NASA Ames Entry Heating Simulator 
. Model-50/FF/l . 25 


Time 

(sec) 

Temperature (°R) at 
(in) from Initial 

Locations Indicated 
Front Surface 

0.131 

0.288 

0.422 

Front 
Surface 
(e=. 75) 

0.5 

530 

530 

530 

4250 

1 




4400 

3 

570 



4510 

6 

650 



4540 

8 

1220 



4570 

10 

2070 

530 

530 

4580 ! 


Reference - 3-8 

Facility - NASA Ames Entry Heating Simulator 
Model - 63/FF/l . 25 


Time 

Temperature (°R) at 
(in) from Initial 

Location Indicated 
Front Surface 

(sec) 

0.126 

0.288 

0.434 

Front 





Surface 





(e=.75) 

1 

520 

520 

520 

3230 

2 




3700 

4 

560 



3820 

6 




3880 

8 

630 




12 

950 

530 

540 


13 




3940 

17 

1760 



4050 

21 

2360 



4130 

25 

2870 

550 

610 

4210 


TABLE 3-6 (continued) 


Reference - 3-8 
Facility - Aerotherm 


Model - 95/BH/2 . 0 


Time 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

(sec) 

0,136 

0.279 

0.460 

0.669 

0.842 

Front 

Surface 







(£=,75) 

10 . . 

578 • 

539 

543 

545 

543 

2548 

20 


534 




2680 

21 

865 






30 

1195 

552 

539 

542 

541 

2711 

40 


599 




2700 

45 

1744 

639 





60 

2116 

795 

543 

532 

536 

2686 

80 

2352 

1061 




2678 

90 

2415 

1194 

606 

537 

532 


100 

2470 

1327 




2678 

121 

2555 

1618 

749 

550 

533 

2678 


Reference - 3-8 
Facility - Aerotherm 
Model - 88/BH/2 . 0 


Time 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

(sec) 

0.131 

0.272 

0.456 

0.675 

' 

0.842 

Front 

Surface 







(£=.75) 

10 

678 

534 

534 

540 

537 

2713 

20 

1238 






30 

1831 

586 

530 



2847 

40 

2054 

673 





50 

2222 

816 

548 



2850 

60 

2517 

973 


» 



69 

2724 

1164 

588 



2850 

80 


1391 

628 

539 



90 


1605 

677 




100 


1793 

748 


533 

2841 

110 


1944 

819 




122 


2077 

908 

539 

539 

2841 

















8.8 

601 

12.8 

818 

16.8 

1150 

20.8 

25.8 

30.8 

40.8 

50.8 

52.8 

60.8 

1780 


TABLE 3-6 .(continued) 

Reference - 3-8 
Facility - Aerotherm 
Model - 108/BH/2 . 0 


Temperature (°R) at Location 

Indicated 

(in) 

from Initial Front Surface 


0.284 

0.446 

0.664 

0.837 

Front 

Surface 





(e=.75) 

539 

533 

541 

542 

3355 

552 

534 

539 


3480 

608 

544 

537 

541 

3533 

789 

551 



3548 

1202 

561 



3566 


596 

539 

533 

3577 


Reference - 3-8 
Facility - Aerotherm 
Model - 74/BH/2.0 


Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 



— 

0.673 


Front 

Surface 

MM 

1 


HW 1 

(e=.75) 

530 





534 





543 




3475 

556 

530 

530 

530 

3427 

599 

530 



3427 

685 

534 

538 

535 

3506 

961 

539 

541 

538 

3485 


557 

544 . 

543 

3544 

1772 

2327 

592 

549 

547 

3552 [ 


54 













TABLE 3-6 (continued) 


Reference - 3-8 
Facility - Aerotherm 
Model - 83/BH/2 . 0 


j Time 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

(sec) 



0.152 

0.277 

0.460 

0.678 

0.842 

Front 

Surface 







(£=.75) 

i 0.8 

534 

534 

543 

552 

546 

3056 

j 10.8 

858 

556 

530 

549 

543 

4043 

! 14.8 

175 3 






1 20.8 


616 

534 

544 

541 

4120 

| 25.8 


754 





1 30.8 


1009 

539 

539 

536 

4241 

; 40.8 


1940 

574 

536 

532 

4300 

j 50.8 



680 

531 

531 

4318 

1 61.0 



914 

538 

536 

4300 


Reference - 3-8 
Facility - Aerotherm 
Model - 101/BH/2 . 0 


1 : ■ 

Time 

; : ■■ 

: ■; 

(sec) 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

0.136 

0.287 

0.455 

0.673 

0.846 

Front 

Surface 

(£=.75) 

5 

642 






8 

928 





4399 

9 

.1542 






1.0 


551 

530 

532 

534 

4454 

IS 


611 





20 


658 

546 

533 - 

530 

4537 

30 


1350 

558 

543 

538 

4600 | 

33 


1818 





40 



586 

552 

547 

4624 

45 




556 

549 


4 6 



637 












TABLE 3-6 (continued) 



Reference - 3-8 
Facility - Aerotherm 
Model - 122/BH/4.0 


Temperature ( R) at Location Indicated 
(in) from Initial Front Surface 


0.847 


(sec) 

I 

0.132 

0.279 

0.460 

0.661 

! io 

823 

• 


551 

i 13 

1257 

534 



15 

1703 


542 


17 

2011 

551 



20 

2340 

586 


541 

30 


878 

5 42 

531 

40 


1546 


535 . 

45 1 



567 


50 


2194 

595 

539 

60 


2600 

699 

542 



* 


















TABLE 3-6 (continued) 


Reference - 3-8 
Facility - Aerotherm 
Model - 33/H/2.0 


'Time 

Temperature 
(in) from 

°R) at Location Indicated 
Initial Front Surface 

I (sec) 

0.223 

0.406 

0.599 

0.762 

Front 

Surface 

(e=.75) 

10.5 

697 

534 

539 

542 

3381 

20.5 

1326 

543 

534 

543 

3445 

30.5 

2160 

579 

539 

553 

3455 

40.5 

2488 

689 

543 

562 

3470 

50.5 

2812 

867 

552 

567 

3485 

' 60.5 

2935 

1137 

566 


3548 

68.6 

70.5 

3057 

1518 

593 

581 

3585 

80.5 
SO. 5 


2305 

638 

590 

3615 


Reference - 3-8 
Facility - Aerotherm 
Model - 17/FF/2 . 0 


Time 

Temperature ( 
(in) from 

°R) at Location Indicated 
Initial Frton Surface 

(sec) 

0.158 

0.287 

0.460- 

0.673 

0.832 

10 . 3 

562 

• 539 

553 

551 

543 

20.3 

1346 

552 

539 



30.3 

2645 

606 

544 

548 


40.3 


872 

548 



50 . 3 


1740 

557 



60 . 3 



580 

548 

558 

6 X X 


2440 







679 

» 


Ov ® j 



895 



89.3 



1502 

560 

567 













TABLE 3-6 (continued) 


Reference - 3-8 
Facility - Aerotherm 
Model - 16 4/BH/2 . 0 



Time 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

(sec) 

0.129 

0.287 

0.446 

0.669 

0.849 

Front 

Surface 

(s=.75) 


6 

599 

1 8 

763 

10 

1108 

12 

1602 

20 


30 


31 



Time 


(sec) 

0.144 

10.5 

677 

20.5 

1463 

30.5 

2265 

40.5 

50.5 

60.5 

70.5 

80.5 

90.5 

2753 
















TABLE 3-6 (continued) 

Reference - 3-8 
Facility - Aerotherm 
Model - 18/FF/2 . 0 


Time 
| (sec) 

Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 

0.140 

0.294 

0.462 

0.678 

0,842 

Front 
Surface 
(e= . 75 ) 

10 

962 

552 

534 

530 

530 


12 

1446 





4154 

15 

2280 

565 




4211 

20 


612 

556 



4269 

30 


974 

561 



4300 ! 

40 


2013 

578 

557 

534 

4252 


Reference - 3-8 
Facility - Aerotherm 
Model - 97/BH/2 . 0 


i Time 


Temperature (°R) at Location Indicated 
(in) from Initial Front Surface 




. 



Front 

(sec) 

0.134 

0.282 

0.450 

0.673 

0.846 

Surface 







(e= . 75) 

6 

.658 





4294 

8 

.,906 

543 




4342 

10 

1320 


539 

541 

538 


20 


720 ' 

552 

535 


4537 

28 


1543 





30 



556 

541 

534 

4640 












TABLE 3-6 (concluded) 


Reference - 3-8 
Facility - Aerotherm 
Model - 112/BH/1.0 


Time 

(sec) 

Temperature 
(in) from 

°R) at Location Indicated 
Initial Front Surface 

0.146 

0.298 

0 . 458 

0.667 

Front 

Surface 

(e=.75) 

5.6 

663 



537 

4721 

8.6 

1802 


534 


4750 

10.6 

2636 





12.6 


586 



4770 

20.6 


985 

575 

534 


24.6 


2422 




30.6 




562 


32.6 



584 




Reference - 3-8 
Facility - Aerotherm 


Model - 138/BH/1.0 


Time 

(sec) 

Temperature i 
(in) from 

°R) at Location Indicated 
Initial Front Surface | 

0.129 

0.294 

0.458 

0.662 

Front 

Surface 

(£=.75) 

5 

1559 

' 603 

580 

558 


5.6 

2144 





12 


680 

592 


47 31 

15 


1515 

600 

567 
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SECTION 4 


QUALIFYING CALCULATIONS 

Using CHAP I, qualifying calculations were performed to demonstrate an 
ability to operate the program successfully prior to initiating Task II of the 
study. One test condition was chosen for each of the three materials. Calcu- 
lations were performed with CHAP and the results (total surface recession, 
final char thickness, and temperature histories) were compared with the test 
data. The results were reviewed with the technical monitor, and where the data 
match needed improvement, revisions were made in the input and the code rerun » 
In the process the program, which was originally running on the CDC 6600 com- 
puter, was successfully transferred to the Univac 1108 in order to accelerate 
turn-around time. The machine-time cost differential, which is approximately 
10 percent in favor of the 6600, is outweighed by the operating efficiency 
achieved by faster turn-arounds on the 1108. In addition, with the program 
operating on both machines , calculations can continue when one computer is down 

The following sections describe the qualifying calculations on each 
ablating material and the criteria for determining satisfactory agreement be- 
tween calculated and experimental data. 


4.1 CRITERIA FOR AGREEMENT BETWEEN CALCULATIONS AND MEASUREMENT 

4.1.1 General Remarks 

Successful operation of an ablation code such as CHAP allows surface tern 
peratures , surface recessions, char thicknesses, and thermocouple responses to 
be predicted with a fair degree of accuracy. This demonstration task required 
the definition of "satisfactory" agreement between predictions and experimental 
data. The definition of "satisfactory” shall apply to both Task I, reported 
here, and to the subsequent, more extensive Task II calculations. All in all, 
the agreement criteria will have the following uses 


Task 

1.3 

Il’l 

11. 3 


Use of Criteria 

Evaluate ability to operate the CHAP 
code and obtain satisfactory predictions 

Obtain good properties data for iterative 
calculations 

Final calculations, evaluation of range 
of applicability of CHAP 


4-1 



The criteria will be applied rather strictly in Task II. 1 in order to 
arrive at the best possible set of properties data before beginning the more 
wide scale calculations of Task II. 3. In the evaluation phase of Task II. 3, 
the criteria will be used to define the range of applicability of CHAP. The 
exact nature of this range definition activity remains to be established during 
Task II. 3. Since it is unlikely in a battery of calculations covering a wide 
range of conditions that all the criteria will be met in any one case, some 
caution will be necessary in the final assessment of the applicability range. 

Too rigid adherence to pre-established criteria may artificially restrict the 
indicated range of applicability. 

Somewhat similarly, the criteria need not be applied too literally in 
Task 1.3, where considerations of economy discourage an extensive search for 
close agreement in all respects between prediction and data. Here, predic- 
tions satisfactory in most criteria, plus an adequate explanation of any impor- 
tant discrepancies, suffice to indicate successful operation of the CHAP code. 

The subsections of Section 4.1.2 discuss individual agreement criteria. 

4,1.2 Agreement Criteria 

4. 1.2.1 Surface Temperature 

Surface temperatures are measured by pyrometric (radiative) means, for 
which the expected random error of the basic instruments is often about + 1 per- 
cent of the full scale. Usually, random errors of data recording and reduction 
add at least another ± 1 percent to this figure. In addition, many other errors 
of calibration and instrument handling (placement and focusing) can take on a 
random character of a magnitude of some ± 3 percent. All in all, surface tem- 
perature measurements of this type have a random uncertainty of ± 5 percent 
or + 150°R to ± 300°R for the temperature range of most interest here. 

Systematic errors can also be important. These can stem from uncorrected 
window and mirror losses, gas cap radiation interference, non-normal viewing 
angle effects, and emittance assumptions. The importance of these must be judged 
according to the particular test set-up in each case studied. 

The surface temperature criterion is set at ± 200 °R, with a cautionary 
note about potentially important systematic errors . 

4. 1.2. 2 Surface Recession 

Due to surface roughness effects, surface recession can seldom be 
measured accurately to within ± 0.010 inches. Various other uncertainties in 
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such quantities as recovery enthalpy, convective transfer coefficient, and 
char density, make it difficult to predict recession amounts to within + 20 
percent of the observed recession. 

Therefore the recession prediction will be considered satisfactory if 
the predicted recession matches the observed recessions to within ± n , where 
n s is the maximum of: 

1. 20 percent of the observed recession 

2. 0.010 inches 

For char thicknesses comparable to the surface recession, char swelling 
or shrinkage may be an important factor. The actual amounts of shrinkage or 
swelling can sometimes be discovered from inert environment tests. If the char 
dimensional stability can be quantified , it should be considered in the com- 
parisons of predictions with data. 

4. 1.2. 3 Pyrolysis Penetration Depth 

The basic uncertainty on pyrolysis penetration depth measurements is 
approximately 0.010 inches. Char shrinkage or swelling may amount to 20 percent 
of the char thickness. Otherwise, penetration depth should be predictable to 
within ± 10 percent. 

Therefore the pyrolysis penetration depth prediction will be considered 
satisfactory if the predicted depth matches the observed depth to within ± , 

where n fc is the maximum of : 

1. 10 percent of the observed pyrolysis penetration depth 

2. 0.010 inches 

In the specified (input) surface temperature and recession runs during 
Task II, this criterion can apply strictly. In other runs, note must be taken 
of the influence of faulty predictions of surface temperature and surface reces- 
sion on predicted pyrolysis penetration depth. 

4. 1.2. 4 Thermocouple Criteria 

For runs made with specified (input) surface temperature and recession, 
thermocouple matching ought to be relatively good, provided of course that the 
input surface temperature and recession histories are adequately characterized. 
During times of "low" temperature rise rates thermocouple predictions should be 
within 10 percent of the current absolute temperature. Experience shows that 
it is not possible to maintain this accuracy during periods of rapid temperature 
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rise. A smooth blend with the first criterion cited above would be (for the 
temperature rises and rise rates of interest in this program) 


(T 


calc 


T ) = 4 sec 


dT 
m 

de 


+ 0.1 T 


m 


This criterion in effect specifies a permissible 4 to 5 second time lead for a 
thermocouple response prediction during rapid temperature rise periods. The 
criterion is therefore biased in favor of over-prediction since thermocouples 
generally lag the material response due to thermocouple capacitance and thermal 

contact effects. ' 

4.2 GENERAL ASSUMPTIONS AND REMARKS 

The experimental runs for nylon phenolic, silicone elastomer, and Avcoat 
5026-39-HC/G were all chosen from Reference 3-1. The test model shape was a 
flat faced disk, 1.25 in. diameter, with a 0.625 in. diameter instrumented core 
plug, 0.75 in. thick. The model was bonded on the back-side to a steel base 
plate with the cavity behind the core filled with RTV silicone rubber. The 
CHAP runs were modeled with no heat sink (conduction or radiation) at the back 
face, an assumption that introduced no error because the model thickness pre- 
vented any temperature rise at the back face for the conditions run. The vir- 
gin material was divided into J = 10 stations in all cases. Initially, the 
char layer was divided into 1=4 stations, but, for later runs, broken into 
1=8 stations. The effect on the results of the finer division was negligible. 
The relatively large spacing between stations in the virgin material caused 
problems when the program interpolated thermocouple temperatures in regions of 
rapidly changing temperature gradient. The interpolation scheme was a 2nd order 
curve fit and as a result, the thermocouple temperature plots exhibited an ap«? 
parent oscillatory behavior. The plotted temperature data in this report will 
present both the thermocouple results as computed by CHAP and "corrected" re- 
sults as deduced from an inspection of the in-depth temperature profile deter- 
mined from the nodal temperatures. To eliminate thermocouple error, future 
CHAP cases will incorporate smaller nodes and a linear thermocouple interpola- 
tion technique. 

All runs were made with the oxidation option of the CHAP code. (In the 
case of silicone elastomer, the oxidation mechanism was supplemented by simu- 
lated melting by modifying the sublimation mechanism as discussed in Section 4.4.) 
All cases used the second degree approximation for aerodynamic blockage (blow- 
ing reduction) of convective energy to the surface. 
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4.3 


LOW DENSITY PHENOLIC NYLON 


The test condition simulated was tabulation no. 23 of Table 3-1 (Space 
General Corp. Model No. PLL94) taken from Reference 3-1. The conditions were 
as follows: 


Enthalpy, h 
Heat Transfer Rate, 
Stagnation Pressure 
Run Time 


q 

^cw 



14,922 Btu/lb 
103 Btu/ft 2 sec 
0.00511 atm 
50 seconds 


Two runs were made with CHAP on this material. The first run employed 
thermophysical properties listed in Table B-l with heat of combustion listed 
in Table B-4. The second run used "faster" oxidation kinetics in an effort to 
increase the recession rate and the surface temperature. The results are com- 
pared with the test data in Table 4-1. Plots of internal and surface tempera- 
tures appear in Figures 4-1 through 4-3. The thermocouple at 0.284 inches from 
the initial front surface rose 80 degrees in the test and increased about 45 
degrees in both calculation runs. 


Run 1 showed a surface recession that was too small and a surface tem- 
perature that was low by 600°R at the end of the run (for char e = 0.8) . The 
internal temperatures were also lower in the calculation. The experimental 
recession rate was substantiated by two other tests at the same conditions 
reported in Reference 3-1. An alternate surface temperature measurement in 
the test using an SRI-supplied radiometer read 400°R lower (only the maximum 
reading was published) . Therefore the calculated results were lower than the 
average measurement by about 400°R. 

Run 2 employed oxidation reaction rate constants that are listed in 
Table B-2 of Appendix B for silicone elastomer and are termed "Scala's fast 
kinetics." The results showed an increased recession rate, but the surface 
temperature decreased another 100. degrees. Hand calculations have indicated 
that, in Run 2, the char mass removal rate reached the "plateau" asymptote as 
governed by the oxygen concentration very early in the run. Therefore still 
faster kinetics will not alter the results to any significant degree. 

The predicted results and the measured results do not compare especially 
well for this case, and except for thermocouple response generally do not meet 
the agreement criteria of Section 4.1. The predicted surface temperature is 
reasonably close (200°R) to the lower of the two reported pyrometer measure- 
ments, but the surface recession misses the measured value badly. It seems 
likely that the reported test data are erroneous in some respect: the reported 

enthalpy and cold wall heat flux yield an oxygen diffusion-limited recession 
rate which, with no blowing reduction, can account for only 60 mils (compared 
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with the reported value of 54 mils) of recession. Blowing reduction effects 
should reduce this value by some 20 percent; departures from the diffusion- 
limited plateau value of m at early times will acount for another 10 percent 
reduction, having an expected recession of 42 mils, much closer to the predicted 
value of 27 mils. Char shrinkage may account for the 12 mil discrepancy be- 
tween expected and observed recession (this would imply a 10 percent shrinkage) ; 
the remaining 15 mil discrepancy between observed and predicted results may in 
large part; be measurement error. 

Predicted char thicknesses are somewhat in general harmony with the low 
recession predictions. Essentially the same rationalizations apply in both 

cases . 

There are no apparent flaws in the reported test conditions. Calculation 
of enthalpy from p and verify that the stream was quite uniform. 


4.4 LOW DENSITY SILICONE ELASTOMER 


The test condition calculated was tabulation no. 9 of Table 3-2 (Giannini 
Scientific Corp . , Model SP90) from Reference 3-1. The conditions were: 


Enthalpy, h 

Heat transfer rate. 
Stagnation pressure. 

Run time 



10,200 Btu/lb 
145 Btu/ft 2 sec 
0.0199 atm 
35 seconds 


The results of two CHAP runs are presented in Table 4-2 and the plots 
of surface temperature and the temperature indicated by the thermocouple nearest 
the surface are shown in Figures 4-4 and 4-5 respectively. The temperature in- 
dicated by a second thermocouple, located 0.216 inch from the original surface 
but not shown, increased 100 degrees by the end of the test and rose 140 de- 
grees in both computation runs . 

Run 1 employed thermophysical properties presented in Table B-2 for 
silicone elastomer. Since the predicted surface temperature of Run 1 exceeded 
the melt temperature cited in the Work Statement (3800°R) , a second run was 
made with melting simulated with the exponential sublimation feature of CHAP.* 
Sublimation constants ABEXP = 1.5 x 10 3 5 and BBEXP = 331,632 simulated melting 
or failing in a narrow ± 200°R band centered at 3800°R. 

Overall, the agreement between predictions and data is excellent. The 
Run 1 predicted surface temperature appears somewhat high (by about 400°R) . - 
The measured, surface temperature was substantiated by the SRI radiometer used 


X for this purpose, pressure effects in the sublimation computations were deleted 
with appropriate Fortran changes . 
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in the test. However both the Thermodot pyrometers and the radiometer viewed 
the model through a chamberport, evidently with no correction factor considered 
in the results . A third temperature surface measurement with an L&N optical 
pyrometer peaked at 4020°R (e = 0.8), but information on the location of the 
instrument is not given. 

Reported surface temperatures may therefore be somewhat low, perhaps by 
100°R. The 0.8 emittance assumption is higher than the data reported by Pope 
(Ref. 2-15) of 0.71; this accounts for another 100°R and brings the adjusted 
experimental data up to an acceptably close match to both Run 1 and Run 2 
predictions . 

The predicted Run 1 recession matches the test data quite well in that 
both are negligible; Run 2 experienced melting which raised the recession to 
29 mils. A preference between Run 1 and Run 2 would depend on the quantifica- 
tion of char swell, which for the 127 mil char might easily amount to 20 mils. 

The char thickness prediction is excellent for Run 1, and about 20 per- 
cent low for Run 2. Again, a study of a char swell is necessary to allow a 
rational choice between the two predictions . 

The thermocouple match is quantitatively good, although the shapes of 
the predicted and measured responses do not correspond particularly well. 

Study of this possible problem would have to involve other cases. 


4.5 APOLLO HEAT SHIELD MATERIAL, AVCOAT 5026-39HC/G 


The test condition simulated was 
Langley AMPD, Model A90) from Reference 

Enthalpy, h = 

Heat transfer rate, = 

cw 

Stagnation pressure, p, = 

- t 2 

Run time = 


tabulation no. 4 of Table 3-3 (NASA 
3-1. The conditions were as follows: 

4900 Btu/lb 

280 Btu/ft 2 sec 

0.284 atm 

20 seconds 


CHAP was run twice on the Apollo material. The first run employed the 
material thermophysical properties of Table B-3, Appendix B, as given in the 
contract work statement. The results appear in Tabj.e 4-3; thermocouple histor- 
ies are shown in Figures 4-6 and 4-7. Reference 3-1 presented only the final 
surface temperature. The surface temperature and recession predictions matched 
the data very well; char thickness was a factor of two too high and the deep 
thermocouple response was overpredicted. (The shallower of the two thermcouples 
was inadvertently not called out in this run.) 

A second run aimed to reduce these two discrepancies with reduced values 
of the char conductivity at high temperatures (above 2260°R) . The char thermal 
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conductivity used in Run 2 (see Table 4-4) was taken from Reference 4-1. In 
that study revised conductivity values (above 2260°R) were derived from the 
existing Avco data in an effort to match in-depth thermal response on Apollo 
flights AS-5Q1 and AS-502. The second run satisfactorily reduced the char 
thickness to match very well with the test results. However, the temperature 
gradient became too large. It is noted in Figures 4-6 and 4-7 that the thermo- 
couple nearest the surface (and in the char after ~ 6 seconds) was high in the 
calculation and the thermocouple 0.10 in. deeper was calculated lower than the 
test value. Undoubtedly, further computer runs could fit the test temperature 
response data with a refined char thermal conductivity featuring somewhat lower 
k c values at high temperature and higher values at low temperatures. Some study 
of the pyrolysis gas enthalpy might also be in order. However the effort is 
more appropriate for Task II of the study, particularly since the agreement is 
already fairly good and meets the suggested criterion of Section 4.1 above. 


REFERENCE 

4-1 Bartlett, E.P., Abbett, M.J., Nicolet, W.E., and Moyer, C.B., 

“improved Heat-Shield Design Procedures for Manned Entry Systems, 
Part II, Application to Apollo", Aerotherm Corporation, Mountain 
View, California, Aerotherm Report No. 70-15, June 22, 1970. 



TABLE 4-1 


COMPARISON OF RESULTS FOR LOW DENSITY PHENOLIC NYLON 

Tab. No. 23, Table 3-1 



Test Results 

CHAP 

Results 



Run 1 

Run 2 

Total surface 
recession (in.) 

0.054 

0.0015 

0.027 

Final char 
thickness (in) 

0.124 

0.177 

0.156 

Final surface 
temperature (°R) 

3670 

(e=0.8) 

3059 

2967 



TABLE 4-2 


COMPARISON OF RESULTS FOR LOW DENSITY SILICONE ELASTOMER 

Tab. no. 9, Table 3-2 



Test Results 

CHAP 

Results 



Run 1 

Run 2 

Total surface 
recession (in) 

0.004 

0.005 

0.029 

Final char 

thickness (in) 

0.127 

0.125 

0.103 

Final surface 
temperature (°R) 

3660 
(e=0 . 8) 

4058 

3804 



TABLE 4-3 


COMPARISON OF RESULTS FOR AVCOAT 5026-39HC/G 
Tab. No. 4, Table 3-3 



Test Results 

CHAP 

Results 



Run 1 

Run 2 

Total surface 
recession (in) 

0.177 

0.167 

0.172 

Final char 
thickness (in) 

0.061 

0.126 

0.059 

Final surface 
temperature ( R) 




Langley photo 
pyrometer 

4230 
(e=0 .75) 

4268 

4 301 

SRI radiometer 

3985* 

(e=0.75) 




Uncorrected for losses in tunnel window and a mirror 



TABLE 4-4 


CHAR THERMAL CONDUCTIVITY 


(From Reference 4-1) 


T 

°R 

k 

Btu/ft sec°R 

460 

1.33 x 10~ 5 

860 

2.00 x 10~ 5 

1,060 

1.86 x 10~ 5 

1,360 

1.94 x 10 -5 

1,460 

2.03 x 10“ 5 

1,710 

2.89 x 10" 5 

1,860 

4.03 x 10 -5 

2,060 

6.81 x 10 -5 

2,260 

1.00 x 10 -4 

2,460 

1.16 x 10-* 

2,660 

1.38 x 10 -4 

2,860 

1.27 x 10~ 4 

3,060 

1.11 x 10 -4 

3,260 

9.00 x 10 -5 

3,460 

1.93 x 10" 5 

3,660 

2.08 x 10~ 5 

3,860 

2.18 x 10“ 5 


— 5 

4,060 

2.22 x 10 

4,260 

2.20 x 10“ 5 

4,460 

2.08 x 10" 5 

4,660 

1.94 x 10" 5 

4,860 

1.82 x 10" 5 

5,060 

8.5 x 10 -6 

5,260 

7.4 x 10“ 6 

5,660 

4.0 x 10" 6 

5,860 

2.1 x 10 -6 

6,060 

1.5 x 10" 6 


— 7 

6,460 

7.0 x 10 






^c? 4o ' 
g ; Kip^ 


vlVL hla 
\J& i pt\Cg. ^MP&£A?TU£fc 




TeMPPf-ZWU l 






TlM£ |p£> 

ZL444- 3-i. r -.nBMPS^OTdTze 

^rcy^: Foe t/£ 1'himw.w 

^ £U li p^£?M &\J&Ff\c.B 



Ao 


a .1 o to 5o 

. . - ... -tiMB 

P.6.U06 4-4 6lLIC^>sJe BLA^C*/&|2 
:; ;,.r : Z: ta& tfe 1 ? "rAisce b-Z 

.^nieesotffe -tBK'i'PBPS’M'iJize 

z . Ui4TC>(ZY ... 




poe -r/ c initially o. 
pec** ^uePkc-E 







Peg’ATUEE' 




Cvtep i2Un! 2 ~z , 
OXxZ * fkom / 


'T/VEbLfr 4-4 


mciV6»4 


co(e<2€creD-\ 


0£$iJUT$ 




Hc^ns.; ^ cacr* ^ t4i 4> 
I T/c PlZCM £l)k1 \ 


— 2md o<2oec cu^ve fit 


'Time, 


u to/c^rr tfc/3 ,-ns® 

.2r3 r TEM^EIZATQI^ 
Ui6T£*ZY Vc IMITIAU-Y 


a 













"Tl M£: ; &£CC> 


J2S 4-7 - WCCAT _5 loZU-39- Tab tvlo, 4 


ligaa^iiiaaii 




APPENDIX A 


CONVERSION OF PYROLYSIS KINETICS DATA TO REACTION 
PLANE KINETIC CONSTANTS 

A . 1 BASIC EQUATIONS 

Thermogravimetric (TGA) data for charring materials are usually reduced 
and reported as "kinetic constants" in a pyrolysis equation: 

1^- = f (Pr P c /T) (A-l) 

Often the most exact fits to the TGA curves require that the pyrolysis be modeled 
with more than one component 


p = £Pi 


(A- 2) 



f i (Pi'P r . ' T ) 


Usually Equation (A- 3) is assumed to be of the form 


(A- 3) 


3 Pi 

39 


p k e 
°i °i 


-E ± /RT 



(A- 4) 


Use of this equation, or any equation of the form (A-3) , in an in-depth 
thermal response calculation would produce a predicted density profile with 
depth which varies smoothly between the virgin density and the char density 



y 
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The CHAP code is based upon a different model which simplifies in-depth 
calculations. Densities in-depth are either char density or virgin density; 
pyrolysis occurs at a "reaction plane". The density profile therefore looks 

like 


/ 

The rate of pyrolysis m is related to the temperature at the pyrolysis plane 

Jr 

location by the assumed relation: 

-B/T, 

m p = Ae x (A-5) 


It is not obvious how values for A and B can be obtained from pyrolysis 
kinetics numbers reported in the literature. Stroud in Reference A-l has per- 
formed a number of computational experiments with a specially written code to 
explore this question. From his computed results for a variety of charring 
problems, Stroud extracted "empirical" relationships between the pyrolysis law 
constants in an equation of the form (A-3) and the reaction plane constants A 
and B. Stroud assumed a pyrolysis law 



(A-6) 


Stroud ! b correlations for single component pyrolysis are for the pre-exponential 

factor 




\k _ 0.7+2.2AH 
1.91 ' 


n = 1/2 (A-7) 




h 1.5+3. 6 AH 
1.91 


n = 1 


(A- 8) 


A- 2 



n 


2 


(A- 9) 


A = (p - 


k A 

PJ' 


c'l 

o p r 


h _ _ 1.7+1.8AH 
e 


1.89 


and for the activation energy 


1.91R 


n = 1/2 and 1 


(A-10 ) 


B = 


1.89R 


n = 2 


(A- IX) 


If decomposition takes place in more than one reaction it is sufficient to use 
constants from the dominating reaction in Equations (A-7) through (A-Xl) . 

It should be noted that the pyrolysis law (A-6) used by Stroud differs 
from the commonly used expression (A-4) in that the density driving potential 
is p • /p 0 . and not (p, - p . ) /p . This discrepancy will require an adjustment 
to the pre-exponential factor k Q to convert it to an effective A . (The equiva- 
lence is of course not exact since the two pyrolysis laws are fundamentally dif- 
ferent.) If we choose to match the two expressions at the half-pyrolyzed point 
p = (p Q + P r )/2, then we can derive that 



Equations (A-7) through (A-ll) and (A-12) allow, 
pyrolysis data in the literature to be converted to the 
stants required as input to the CHAP code. 

REFERENCE 

A— 1 Stroud, C. W. , "A Study of the Reaction Plane Approximation in Ablation 

Analyses", NASA TN D-4817, October 1968. 
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"reaction plane" con- 
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APPENDIX B 

VALUES USED IN QUALIFYING CALCULATIONS 


Nominal Thermo-chemical Proper Lies for 
Low Density Phenolic Nylon 

Nominal Thermo-chemical Properties for 
Low Density Silicon Elastomer 

Normal Thermo-chemical Properties 
for the Apollo Heat Shield Material 

Heat of Combustion (Btu/lb ) for Carbon 



Table B-l - Nominal Thermo-chemical Properties for 
Low Density Phenolic Nylon 


Unde graded material 

density, lbm/ft^ « . 

specific heat, Btu/lbra R, at temperature of- 

560 R 

660 R 

760 R ... : . . 

860 R 

950 R 

1060 R 


. 36 


.36 

.43 

.495 

.535 

.545 

.545 


thermal conductivity, Btu/ft-s-R, at temperature of- 


540R ......... 1.28 x 10~ 5 

700 R . 1.28 x IQ" 5 

900R 1.41 x 10" 5 

1100R 1.48 x 10" 5 

1280R 1.51 x 10" 5 


activation temperature, R „ 23200 

reaction-rate constant, lbm/ft^s .... 1.586 x 10 

effective heat of pyrolysis, Btu/lbm . . 550 

effective specific heat of pyrolysis gages, Btu/lbm R, 


at temperatures of- 


500 R .87 

1000 R .87 

1500 R .87 

. 1S00 R 1.15 

i 

2000 R ...... . ......... 1.97 
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Table B-l - (concluded) 


2100 R . . 2.80 

2500 R 3.25 

2S0Q R . 2.80 ■ 

0 0 R .... ............ ......... 2. 80 

3300 R. ...... .............. ........ 1. 24 

3500 R. ......... 1.05 

4000 R ..... ' 1.2 

5000 R.. ....... ......... ........... 2.2 

6000 R ...... . 4.78 

Degraded material 

density, lbm/ft 5 12 

activation temperature, R ..... 1 l si: order ....... 76500 

reaction rate constant, Ibm/ft^ satm J oxidation ....... IX 10^ 

mass of char removed per mass of oxygen .75 

surface emittance . .8 

specific heat, Btu/lbm R .54 

thermal conductivity, Btu/ft-s-R, at temperature of- 

500 R 2.5 X 10" 5 

1500 R • ; . . . 2.5 X 10" 5 

2000 R . . - 8 X 10“ 5 

2500 R ............. 20 X 10" 5 

3000 R ........ 30 X 10 -5 

3500 R '. . 42.5 X 10“ 5 

4000 R . . 60 X 10~ 5 

4500 R .......... 76.2 X IQ" 5 

5000 R 100 X 10*° 

5500 R 123 X 10” 5 

heat of combustion, Btu/lbm ........ 5000 
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Table B-2 - Nominal Thermo-chemical Properties 

for Filled Silicone Resin in Honeycomb 


Undc&raded material 

density, lbm/ft^ •••••••* 

specific heat, Btu/lbm R, at temperature of- 

510 R .... * • • * 

560 R . * * • • 

660 R ....... .......... 

760 

860 R®« c • * © ••«••• • 

960 R . « e « • o « e c 0 • »« • • • a • •• • • . • « • ® V <Z' © © <$ 

1060 R®« «••••••«• • • • « • ••••■*••••*»»«* 

thermal conductivity, Btu/ftJ: R . . . 

activation temperature, R, .................. * 

a 

reaction rate constant, lbm/ft z s ... ..... 

effective heat of pyrolysis, Btu/lbm ........ 

effective specific heat of phrolysis gases, Btu/lbm R ..... 
Degraded material 


b0 

.354 

.365 

.382 

.396 

.410 

.419 
.42? . 

1.98 X 10 
20000 
2700 
250 


density, lbm/ft^, .......... 20 

specific heat, Btu/lbm R .43 

thermal conduct ivity,Btu/ft s R, at temperature of -- 

500 R 1.9x10-5' 

1000 r : 2.4xio~ 5 

1500 R . 2.9xl0“ 5 

2000 R 3.3x10-5 

2500 R 3.7x10-5 

t 

3000 R 4.0x10-2 

5500 R 4.2x10-5 

4000 Tt . . 4.4x10“* 
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Table B-2 - (concluded 


surface cmittance ..... . 

temperature of fussion, R . . 

heat of fussion, Btu/lbm ....... 

activation temperature, R, 

reaction rate constant, lbm/ft^s atm 

order of oxidation . . 

mass of char removed per mass of oxygen 


.8 

3800 

60 

39872 

6.73 X 10 8 
.5 
.1 
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Table B-3 - Normal Thermo-chemical Properties 

for the Apollo Heat Shield Material 


Undegraded material 

.V o 

density, Ibm/ft , 32 


specific heat, Btu/lbm R at temperature of- 

560 R. . . . « . . . . »329 

660 R...... ...................... ...* . 

760 K .............. . ........... .397 

860 R 

960 R. ,4l8 

1060 R . . .424 

1160 R .425 

thermal conductivity, Btu/ftsR, at temperature of- 

500 R ....... . 1.4 X 10“ 5 

600 R 1.4 X 10-5 : 

723 R . . 1.46 X 10~ 5 

973 R '. . 1.68 X 10" 5 

1070 R 1.71 X X0“ 5 

1135 R 1.59 X 10 ” 5 

1244 R 1.42 X 10~ 5 


1250 R 1.31 X 10~ 5 


1400 R 1.31 X 1Q“ 5 

» 

activation temperature, R, ..... 19600 

reaction rate constant, lbm/ft^s ■ . 128000 

effective heat, of pyrolysis, Btu/lbm ............ 250 


effective specific heat of pyrolysis gases, Btu/lbm R . . . . 1.0 
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Table B-3 - (concluded) 

Degraded Material 

* i 

density , .......... .... 20 

specific heat | Btu/lbm R> at temperature of- 

Y 20 H ©»©©0©©aoos®®®®-s®«o®®o9©«9*0®»«B®»«®®«»®®«*®e»*® * 23 

lOciO R ® 3 

l440 R ®e,®sa.oa0®9a©-8 8 ®®»e«« 0 ®®«®® a e®®®®®®®®®®*®®*® 0 ®®® ® 348 

1800 -R @ 6 >®®®ss 6 aBeo 8 ®©.a««»©®.*®®®®®®® s ®®®®®®®®®®®*®®®® ® 337 

2l60 R •••••• ••»••»••••••* • 445 

2320 R ® • « »•© B©©oe.a®®#o®*®®»»oo8.®.«®a®®®®®®»«®* # ®®®® 9 ® •^4'^f 

<£~374 R ®©®®ao©©.0®®8®9*®»® 9 ®®* #,, ®® |#o ®*®*®**® 8 ®®®®®®®®®® *5 

3000 R ..©©©.©©....aos#.®®®®®®'®®®®® 0 *®®®* 98 * 0 * 9 ®***® 80 ® *5 

thermal conductivity, Btu/ft s R, at temperature of« 

540 R .®®»«o..® 9 ».a®..®e.#®.®..a.....a.. 3® 88x10 ^ 

I660 R .......... ® ; * . . 3 .88xl0~5 

1880 R 8.1 xlO 5 

.2060 R . ...8. 33xlO~5 

2460 R . ® ® . • . . © 11.7x10~5 

3O6O R a.aaa.aa ...... o ® .«•••# ..o»9oo#o»e». ....... o. ...... l6 » ^XlO ^ 

5460 R 19® 5x10"^ . 

p4o0 R ...«».••* »...••* 20 xl0~5 

emictance ..•••* .75 

mass of char removed per mass of oxygen 1.5 

activation temperature, R . ......... . 76500 

reaction rate constant, s-atia-. 1 X 10 

order of oxidation 1.0 

hear of combustion, £ tU/ lbm ® a a e . . 0 a a a © a ® . « a a o 2500 
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Table B-4 Heat of Combustion (Btu/lb m ) 
for Carbon 

Pressure (atm) 


Temperature 

(°R) 

0.1 

1.0 

10.0 

100.0 

1800 

4110 

4110 

4110 

4110 

2700 

4266 

4266 

4266 

4266 

3600 

4454 

4447 

4446 

4445 

4500 

4871 

4697 

4656 

4643 

5400 

6265 

5295 

4983 

4884 

6300 

10220 

6995 

5679 

5245 

7200 

13540 

13050 

7134 

5869 
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